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Distribution and Concentration of Metals in Sediments and Water 
of the Clark Fork River Floodplain, Montana (105pp.) 
The distribution and concentration of metals and metalloids in 
the floodplain of the Clark Fork River of western Montana, are 
controlled by physical processes of deposition, and post-
depositional diagenetic mechanisms of metal fractionation. Due 
to the influx of wastes into the river's headwaters from mining 
processes around the turn of the century, extensive amounts of 
contaminated material was deposited onto the floodplain. A 
detailed sedimentologic map, compiled using color aerial 
photographs, indicates that during this period, channel patterns 
differed significantly from the present. Tailings were 
deposited as widespread overbank deposits and point bars 
adjacent to abandoned channels, and are characterized by orange 
and gray mottled sediment, which is devoid of vegetation and 
covered by a blue metal sulfate precipitate during dry periods. 
Examination of stratigraphic profiles of floodplain sediment 
indicates three periods of deposition: 1) pre-mining, 
represented by coarse sand and organic overbank deposits under 
reducing conditions; 2) syn-mining, characterized by transition 
sediments and tailings deposits under oxidizing conditions; and, 
3) post-mining, distinguished by grass-bound topsoil. 
Sites were established where sediments and water throughout 
the stratigraphic profile were collected and analyzed. Chemical 
analyses indicate enriched concentrations of cadmium, copper, 
manganese, and zinc in sediments and porewater, and arsenic in 
groundwater, in areas contaminated by tailings deposits. 
Vertical trends in concentrations of metals and As show that 
they are distributed based on apportionment of metal phases 
between reducing-oxidizing environments and pH fluctuations. At 
the redox interface, solid phase As, Cd, Cu, and Zn, bound to Fe 
and Mn oxyhydroxides under oxidizing conditions, are 
redistributed to complex with organic material and diagenetic 
sulfides under reducing conditions. The occurrence of Cu, Cd, 
and Zn in porewater and As, Fe, and Mn in groundwater depends on 
solubilities of Fe and Mn oxides and hydroxides and sulfates in 
the oxidizing zone and sulfides in the reducing zone. The 
dissolution of sulfates significantly decreases pH, and 
liberates metals not only to porewaters, but also to surface 
runoff. Changes in redox conditions or fluctuations in pH could 
create a potential source of metals and As to local groundwater 
and surface water systems. 
Director: Johnnie N. Moon 
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PREFACE 
This thesis consists of two papers submitted separately as journal 
publications. The first paper, "Physical and chemical processes for 
concentration and distribution of metals in floodplain sediments of the 
Clark Fork River, Montana, USA comprises Chapter 1. The second paper, 
"Sediment - water interaction in the floodplain of the Clark Fork River, 
Montana, USA" comprises Chapter 2. Because of this organization, 
repetition of information is inevitable. Cited references for each 
chapter are listed at the end of the respective chapter. All data 
collected during this study are listed in Appendix I, II, and III. 
Appendix I contains the chemical and grain-size analyses on the 
floodplain sediments, Appendix II lists the chemical analyses and water-
level data from the wells and lysimeters, and Appendix III includes the 
quality control data for the chemical procedures utilized. 
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Chapter I. PHYSICAL AND CHEMICAL PROCESSES FOR CONCENTRATION AND 
DISTRIBUTION OF METALS IN FLOODPLAIN SEDIMENTS OF THE 
CLARK FORK RIVER, MONTANA 
1 
INTRODUCTION 
Sediments contaminated by mining activity often display characteristic 
patterns when deposited onto river floodplains. These patterns, 
controlled by physical and chemical processes of distribution, are 
recognized by changes in channel pattern due to historical increases in 
sediment supply (Lewin and Manton, 1975; Lewin et al., 1983), by 
floodplain landforms produced from fluvial deposition of the waste 
materials (Lewin and Manton, 1975; Marron, 1987), and by the 
distribution and magnitude of metal concentrations in these sediments 
(Lewin et al., 1977; Wolfenden and Lewin, 1977; Bradley and Cox, 1986; 
Axtmann and Luoma, 1987). 
Early mining processes generally used gravitational methods or 
flotation for separation of high-grade ore from waste material. Because 
the encompassing rock was finely milled prior to extraction of the ore, 
the waste material expelled from the process was typically fine-grained. 
Fluvial transport of the mining sediments in large quantities increased 
the fine-sediment yields, thus, the total sediment supply in the river. 
As a result, accelerated deposition on the river bed and floodplain 
occurred in direct response to the introduction of increased amounts of 
tailings into the system. 
River channel patterns can be altered by intensified aggradation or 
inundation due to increased sediment supply caused by "direct" input of 
mining wastes (Lewin, et al., 1983). Consequently, acceleration of 
channel migration results. In floodplains of several European rivers, 
periods of maximum pollution were determined by comparing successive 
channel patterns and elevated metal concentrations in alluvial sediments 
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(Davies and Lewin, 1974; Lewin, et al., 1983; Macklin, 1985; Rang et 
al., 1986). The anomalous metal values not only identified which areas 
were contaminated by mining wastes but also indicated the possible 
source(s) for the contamination. 
The distribution of floodplain landforms is also influenced by mining 
sediment deposited onto the floodplain during inundation by floodwaters. 
Most researchers concur that mining sediments commonly accumulate as 
overbank deposits (Macklin, 1985; Bradley and Cox, 1986; Andrews, 1987). 
In addition, Marron (1987) suggests that point bars and filled channels 
of abandoned meanders also form storage sites for contaminated 
floodplain sediments. Conversely, Lewin et al. (1977) believe that most 
flood sediments and those transported near bankfull stage are deposited 
only at the channel margins. Consequently, within a single catchment 
where mining has occurred, floodplain geometry can vary substantially, 
based on patterns of fluvial erosion and deposition, as can the 
corresponding distribution of metal concentrations. 
In addition to depositional processes, diagenetic processes control 
post-depositional patterns of metals and metalloids in contaminated 
floodplain sediments. These patterns are mainly controlled by redox 
conditions, pH, and the activity of the ionic species in solution 
(Jenne, 1968, 1976; Davis, 1980; Forstner and Wittman, 1981; Hem, 1985). 
Therefore, the sediment chemistry Is ultimately determined by the 
distribution of metals between dissolved and particulate species based 
on the environmental conditions of the particular system. 
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This study focuses on the relation between the distribution and extent 
of metal contamination, and the diagenetic mechanisms by which metals 
are immobilized under different redox conditions in the floodplain 
sediments of the Clark Fork River. 
STUDY SITE 
The Clark Fork River of western Montana, the largest tributary of the 
Columbia River of the northwestern United States, originates immediately 
downstream of the Butte-Anaconda mining district. In this region, 
during 1864 to 1972, nearly 500 million tons of precious and base metal 
ore were extracted from sulfide ore deposits (Miller, 1973) of the 
Boulder Batholith (Meyer, 1968). The Butte-Anaconda mines were known in 
the early part of the century as some of the most important producers of 
copper, manganese, and zinc and to a lesser degree, lead, cadmium and 
silver, in the world (Miller, 1973). Prior to construction of settling 
ponds for waste entrapment at Anaconda (Fig. 1) in the early 1940's and 
Warm Springs in the early 1950's, large amounts of untreated waste and 
milled tailings were discarded directly into the headwaters of the Clark 
Fork River. Because early mining processes were inefficient, the 
tailings material retained a substantial amount of metal-rich sediments. 
Subsequently, these materials were transported downstream and became 
incorporated in the river bed and floodplain sediments. Previous 
studies (Johns and Moore, 1985; Axtmann and Luoma, 1987; Moore, 1987; 
Moore, et al., 1988; Moore, et al., in press) indicate anomalous 
concentrations of copper, cadmium, arsenic, lead, and zinc in bank 
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sediments of the Clark Fork River and in reservoir sediments at Milltown 
Dam, 119 river km downstream from the Butte-Anaconda mining district. 
To examine the effects of this contamination on floodplain sediments 
and morphology, a 2km^ area located approximately 9 river km from the 
headwaters of the Clark Fork River (Fig. 1) was studied in detail. An 
upper floodplain terrace bounds the western edge of the contaminated 
floodplain and is believed to constitute a "pre-mining" and pre-historic 
floodplain. The eastern boundary is characterized by eroded Tertiary 
fill deposits, which form 20-30m high cliffs in some areas. Channel 
lag gravels and boulders constitute a local shallow aquifer at 
approximately 1.5 to 2m below land surface. This part of the floodplain 
was chosen because of the obvious lack of vegetation suggesting elevated 
concentrations of metals in the sediments, the different but 
representative depositional patterns concentrated in a small area, and 
the lack of obstructions, such as roads and railroads, that inhibit the 
natural depositional pattern of the river. Therefore, this study 
focuses on an area of the floodplain where the relation between 
deposition during the direct influx of contaminated material and the 
pre- and post-mining periods can be assessed. 
METHODS 
Field research 
During the summer and fall of 1986, a detailed geomorphologic and 
sedimentologic map was constructed of the study area (Fig. 2) using 
United States Environmental Protection Agency (USEPA) color aerial 
photographs (1983) at a scale of 1:8000. Thickness of tailings deposits 
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were determined by digging shallow trenches at 112 observation sites. 
These sites were located randomly, but they allowed a characteristic 
representation of the various depositional features (Fig. 3). 
Twenty sediment profiles, located at control points throughout the 
floodplain, were sampled at each stratigraphic level (see Fig. 5). 
Three to six sediment samples were collected at depths up to 136cm. A 
plastic spoon was used to scrape away approximately 2-3cm of the exposed 
sediment and to collect the sample in polythene bags. Deionized water 
was used to rinse the spoon between subsequent samplings. Following 
transport to the laboratory, the sediments were allowed to air-dry. 
The pH of the sediments throughout the stratigraphic profile were 
determined by creating a slurry of sediment and deionized water (1:1) 
and taking pH measurements until equilibrium was achieved. 
Chemical analyses 
Total dissolution of the sediment samples was accomplished by a 
microwave technique modified from Nadkarni (1984). Each sample was 
split and homogenized with a Dimonite mortal^ and pestle, oven-dried 
overnight at 70°F and allowed to cool in a desiccator. Then, the 
samples were weighed to a nominal weight of 0.2000g and placed in a 40ml 
screw-top Teflon reaction vessel (Savillex Corp.) to which 5ml of Aqua 
Regia (3:1, HC1:HN03) and 2ml of HF (all acids Baker Instra Analyzed) 
were added. Each vessel was tightly sealed (250 ftlbs). Six samples 
were placed in a resealable plastic container in a microwave oven 
(General Electric, Model JET 209D), heated at high power for 5 minutes, 
and then allowed to cool. After cooling, 2.5% (w/v) boric acid (Baker 
Analyzed) was added and allowed to sit for at least a half hour. Boric 
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acid neutralizes HF by forming fluoroboric acid (Mahan, et al. , 1987), 
thus, providing protection for glassware during analysis. Afterwards, 
each solution was filtered using a 0.45um Whatman cellulose triacetate 
filter and syringe filter apparatus, then diluted to 100ml (final 
volume) with deionized water. Chemical analyses were performed using an 
Jarrell-Ash Model 800 Atom Comp ICAPS (Inductively Coupled Argon Plasma 
Atomcomp Spectrometer) for Al, Cu, Cd, Fe, Pb, Mn, and Zn with matrix 
equivalent standards. 
The high concentration of Al in the samples created interference with 
the As line on the ICAPS. As a result, standard analyses for As were 
unreliable. Therefore, to analyze for As, an ion exchange resin (BIO-
RAD Analytical Grade Cation Exchange Resin, AG 50W-X8, 100-200 mesh, 
hydrogen form) which absorbed Al was utilized. The ion exchange columns 
(Poly-Prep™, Bio-Rad, Laboratories) were packed with 8ml of resin using 
deionized water. Eight ml of sample was initially passed through the 
columns and discarded, followed by ten ml of sample which was collected 
for analysis. Chemical analyses were also completed using the ICAPS. 
The ion exchange resin was rejuvenated by passing three 10ml volumes of 
4M HC1 (Baker Instra Analyzed) through the columns and then rinsing 
repeatedly with deionized water until pH > 4. 
Precision of the total dissolution and ion exchange procedures were 
tested by repeated analysis of national reference standards, NBS 1645 
(River Sediment) and NBS 1646 (Estuarine Sediment) (Table 1). Lead 
values varied significantly, so concentrations in the sediment may be 
unreliable. 
8 
Grain-size analyses 
Sediment samples were analyzed for particle-size distribution using 
standard sedimentological procedures: sieving for sand-size fractions 
and coarser and the pipette method for silt and clay-sized fractions 
(Fritz and Moore, 1988). Each sample was separated into four grain-size 
fractions: >200 m, 200-63 m, 63-4 m, and <4 m. Triplicate analysis of 
splits of eight samples differed from the triplicate analysis mean by 
less than 1% of the total sample weight. 
RESULTS AND DISCUSSION 
Floodplain geometry 
Mapping of the surface landforms on the floodplain of the Clark Fork 
River indicate highly variable, but typical depositional patterns (Fig. 
2). Features include: 1) abandoned or old channels, evidenced by 
topographic lows (Lewin and Manton, 1975) and relict channel gravels and 
cobbles; 2) cut-off channels, which are typically filled with stagnant 
water most of the year, or have been replaced by shallow irrigation 
ditches; 3) point bars, and gravel and coarse-grained sand channel bars, 
which if older or displaced from recent deposition, are generally 
located adjacent to abandoned channels or, if more recently deposited, 
are located in aggrading areas of the active channel; and, 4) overbank 
deposits, which are characteristically widespread, but irregular, and 
typically occur as grass-covered meadows, except in contaminated areas, 
where vegetation is absent. 
Deposits of contaminated sediment in the study area generally occur as 
extensive, but irregular overbank deposits and as isolated point bar 
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deposits adjacent to small abandoned channels. The tailings deposits 
are visually evident in the aerial photographs because of the 
characteristic grayish-white sediment color, lack of vegetation, and in 
arid periods, the formation of a blue metal sulfate precipitate on the 
surface. Spoil is commonly lacking in nutrients, but rich in toxic 
metals to the extent that new vegetative cover is prevented (Lewin, et 
al. , 1977). Consequently, pre-contamination vegetation has been killed 
so that a vast amount of dead plant material occurs, especially the 
remnants of willow trees in contaminated areas. The trees were probably 
killed when tailings material accumulated around the base of the willows 
due to decreased flow velocity during flood conditions. The 
irregularity of tailings deposition as overbank deposits can be 
explained by differing bank heights so that during bankfull flows, 
discharge varies along the channel and only certain parts of the 
floodplain receive the overbank sediments (Bradley and Cox, 1986). 
Variability of discharge may also explain the irregularity in the 
thickness of the tailings throughout the floodplain (Fig. 3). 
Thicknesses of over 40 cm occur in areas that were probably more 
frequently inundated by floodwaters; for example, those areas receiving 
overbank sediments or at places of decreased flow such as point bars. 
The distribution of tailings thicknesses also Illustrates that most of 
the floodplain at the study site has been inundated at least a small 
amount by contaminated sediments. Where covered by at least 5cm of 
"uncontaminated" topsoil deposited after the main influx of tailings 
sediment, metal tolerant vegetation flourishes. Towards the pre-mining 
floodplain terrace, at the western boundary of the present floodplain, 
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thicknesses of tailings decrease to zero. This probably indicates the 
maximum limit of flooding during the period of extensive mining (Alloway 
and Davies, 1971). Thicknesses exceeding 50cm at the eastern boundary 
of the floodplain may result from the accumulation of tailings material 
in an area where the Tertiary deposits form a barrier to widespread 
distribution of floodwaters, and therefore, deposition. 
River channel pattern 
The Clark Fork River is a moderately incised, high gradient river with 
a floodplain width of as much as 610m at the study site. The river 
gradient is 2.5 m/km and in 1985-86, instantaneous streamflow varied 
from approximately 0.85 to 28.3 m-Vs at Deer Lodge, Montana (Lambing, 
1987). Complex and locally variable relief of the floodplain in the 
study area reveals that, at a earlier time, in addition to the main 
channel, numerous small sinuous and braided channels incised the area 
during high discharge periods, and carried floodwaters from which 
tailings material was deposited (Fig. 4). The variable relief results 
dominantly from the presence of abandoned channel loops, point bars, and 
former channel bars incorporated in the floodplain surface (Levin and 
Manton, 1975), resulting from local aggradation and channel incision. 
These features indicate that during the historical period when tailings 
material was being deposited onto the Clark Fork floodplain, the river 
channel pattern was considerably different than it is today. This 
difference in depositional pattern over time can be explained by a 
change in sediment load resulting from the influx of finer-grained 
sediment from mining processes, and thus, can document the effect of the 
increase in sediment supply followed by decrease (Lewin, et al, 1983). 
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Following the period of extensive sediment influx before the settling 
ponds were constructed, aggradation decreased and the channel became an 
incised meandering coarse-grained stream, similar to its present course. 
Meander patterns illustrated by aerial photographs from 1947 to 1983 
(Fig. 5) indicate significant channel migration in parts of the 
floodplain in this area. During this period of time, channel sinuosity 
was increased by meander incision or decreased by channel cutoffs. For 
example, active channels in the northern and southcentral parts of the 
area were cut off and, by 1983, were completely isolated. Therefore, in 
parts of the floodplain included in the study area, the main channel has 
migrated sufficiently to completely isolate extensive tailings deposits 
from present day channel inundation. However, tailings material can be 
seen exposed in the cutbanks of the active channel. With further 
channel migration or erosion during bankfull discharge and surface 
runoff, floodplain sediments will constitute a "secondary" source for 
subsequent removal, transport, and redeposition of metals in the 
floodplain downstream (Wolfenden and Lewin, 1977; Lewin et al., 1977; 
Moore, 1987; Moore, et al., 1988; Moore, et al., in press) and in the 
bed sediment (Johns and Moore, 1985; Axtmann and Luoma, 1987). 
Sediment descriptions 
The vertical sediment profiles revealed in trenches in the floodplain 
are thought to represent at least three main periods of deposition: pre-
mining floodplain, syn-mining floodplain, and post-mining floodplain. 
The contacts between these periods of deposition is signified by the 
lithology of the sediments and the abrupt color difference between dark, 
organic-rich, pre-mining floodplain sediments and overlying iron-oxide 
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coated syn- and post-mining floodplain deposits. Although irregularity 
in fluvial deposition and post-depositional processes creates 
variability in the characteristics of units in individual trenches, 
there are similarities in the sequence of lithologies. Based on 
similar lithologic characteristics and stratigraphic position, 
corresponding sediments within each profile were grouped into five 
units, 1-5 (Table 2) in ascending stratigraphic order. Hereafter, 
except when referring to specific trench samples, these designations 
will be used. 
At depths between 68 and 162 cm, cobbles and gravels of the shallow 
aquifer are encountered. These sediments, likely pre-mining channel and 
bar deposits, were found at the base of each trench. Overlying these 
stream gravels is a coarse, quartz sand (basal sand: unit 1, Table 2) 
with 1 to 79% dark, organic mud (<63 um). This unit varies in thickness 
up to 75cm and in most areas, forms the upper part of the alluvial 
aquifer. A very cohesive dark clayey silt between 6 and 45 cm thick 
overlies the coarse sand (cohesive silt: unit 2). This unit is 
characteristically organic-rich and micaceous and contains up to 94% 
silt and clay-sized material. Locally, very organic-rich material 
including partially decayed plant matter is found associated with this 
deposit. Sediment profiles indicate that the roots of the dead willows 
extend into this unit and locally comprise the major portion of the 
organic material. A slightly oxidized, dark, organic sand with 
thicknesses between 6 and 24 cm (transition unit: unit 3) occurs at the 
upper boundary of the silt. This transition unit is discontinuous and 
probably represents the initial influx of mining sediment in the system. 
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Superimposed upon the silt and locally the transition unit are very 
unique deposits (tailings: unit 4). These sediments are comprised of 
characteristically mottled orange fine-grained sand or silt and gray 
silt or clay and range in thickness between 12 and 42 cm. Magnetic 
separation and optical analysis indicates that at least 10-15% of these 
sediments consist of slag particles, or smelted glass. Where this unit 
is exposed, vegetation is absent and a bright blue precipitate occurs at 
the surface. Because of its fine-grained characteristics, high mica 
content (generally vermicular biotite) and elevated metal 
concentrations, these sediments were interpreted to be those deposited 
during the period of intense mining activity and thus constitute 
tailings deposits. Therefore, the boundary between the cohesive silt 
and tailings deposits (units 2,4), and locally the transition unit (unit 
3), is interpreted to represent the boundary between pre-mining and syn-
mining floodplain deposition. 
Where tailings deposits are not exposed on the surface, sediments 
characteristic of "un-contaminated" overbank deposits are present 
(topsoil: unit 5). These sediments are generally brown, fine-grained 
sand to silt and contain abundant organic material. They are commonly 
root-bound and range in thickness from 8 to 33 cm. Because of the 
stratigraphic position of these sediments and their common location 
adjacent to the present-day active channel, they probably represent 
post-mining floodplain deposition. Recent deposition is also present as 
coarse sand and gravel bars in low-flow areas of the active channel. 
14 
Metal distribution and concentrations 
Chemical analyses of floodplain sediments of the Clark Fork River 
indicate anomalously high values of As, Cu, Cd, Mn, and Zn (Table 3) 
over background values (Table 4). The initial distribution of metals in 
contaminated deposits likely resulted from fluvial processes of 
deposition (Wolfenden and Lewin, 1977), but was post-depositionally 
altered by chemical processes which provide the actual controls for 
metal concentration at a particular site (Forstner and Wittmann, 1981; 
Moore, et al., 1988). Consequently, metal values within sediment units 
vary significantly. Similar variabilities of metal concentrations in 
floodplain and bed sediments of the Clark Fork River have been 
previously documented (Axtmann and Luoma, 1987; Andrews, 1987; Moore, 
1987; Moore, et al., 1988; Moore, et al. , in press). 
The lateral distribution of metal concentrations in sediments at the 
surface indicates that the entire area was probably inundated with 
contaminated floodwaters at one time. At all trench sites, values for 
As, Cu, Mn, and Zn are extremely elevated (Fig. 6) over background 
values (Table 4). The highest concentrations for As and Cu are in 
sediments at trench 4, and the most enriched sediments are located at 
trench 16, both of which are located in tailings depositional areas. 
Also, elevated metal concentrations occur in areas covered by vegetated 
topsoil, but generally to a lesser degree (trenches 3,5,9,18). All 
metals are less concentrated at trench 9. This trench is located on a 
slight topographic rise and it is likely that high discharge water only 
sproradically covered this area. Over the entire area, definite trends 
in metal concentrations based on depositional morphology could not be 
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detected. 
Based on lithology, color similarities, and stratigraphic position, 
metal concentrations for each of the five sediment units were averaged 
(Table 3). Standard deviations illustrate the variable nature of metal 
concentrations within this complex system. Because of this variability, 
values were compared between individual profiles. These comparisons 
indicate similar trends in the corresponding units with depth. Copper 
and zinc, the most elevated trace metals, are concentrated mostly in the 
cohesive silt (unit 2) which overlies the basal sand (unit 1). In most 
profiles, elevated concentrations of these metals also exist in the 
transition unit (unit 3), but to a lesser extent. These two units are 
located at or near the approximate redox boundary (see later 
discussion). Where the transition unit (unit 3) does not exist or is 
not as well defined, copper and zinc are more concentrated in the 
tailings deposits (unit 4), and depending on the amount of organic 
material, in the topsoil (unit 5). Manganese can also be concentrated in 
the cohesive silt unit and at the surface, but usually not both. When 
manganese is abundant at the surface, it is commonly associated with 
accumulations of iron. Arsenic tends to be concentrated in the 
transition unit (unit 3) but not in the cohesive silt (unit 2). At each 
trench site, all metal concentrations are considerably lower in the 
basal sand (unit 1). 
Chemical mechanisms for metal concentration 
The chemical processes which determine the concentration of metals 
depend predominantly on the pH of the system, the oxidation-reduction 
conditions in the environment, and the activity and concentration of the 
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species in solution (Jenne, 1968,1976; Davis, 1980; Forstner and 
Wittman, 1981). Redox boundaries can be defined on the basis of the 
amount of dissolved oxygen (Berner, 1981), the presence or absence of 
organic material and iron oxide minerals, or by the redox potential (Eh) 
(Hem, 1985). Because of the complexity and numerous species involved in 
redox reactions (Berner, 1981) and variability of measurable values 
within a small sediment area, Eh values can be unreliable (Lindberg and 
Runnells, 1984). Therefore, redox boundaries in the sediment profiles 
were determined by the presence of oxide minerals and absence of organic 
matter in "oxic" sediments, versus the appearance of sulfides, 
particularly pyrite, and abundant organic material in "anoxic" sediments 
(Berner, 1981). Throughout the stratigraphic section, the pH of the 
sediments ranged from 6.5 to 6.8. At the surface, pH values were 
substantially lower (3.0-4.7). 
Sulfate salts commonly occur as blue precipitates on the surface of 
tailings deposits during dry periods. The precipitates, likely copper-
enriched gypsum or similar copper sulfate, are thought to form due to 
the upward migration of sulfate in solution during periods of increased 
evaporation, followed by precipitation on the surface (Nordstrom, et 
al., 1979). Galbraith et al., (1972) also attributes the presence of 
sulfate salts on the surface to the action of sulfur-oxidizing bacteria 
below the surface whereby sulfate is formed and migration is achieved 
due to capillary action. Unpublished data (J.N. Moore, personal 
communication) indicate that the interaction of the sulfate salts on the 
surface and deionized water (simulating rainfall) initiates virtually 
instantaneous dissolution of the salts. Subsequently, this reaction 
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liberates H+, decreasing the pH to less than 3 within 2 minutes, and 
metals bound in the sulfate are released to the dissolved phase. This 
process can be important in the active mobilization of metals in dry 
periods interrupted by short-term, intense precipitation. 
The elevated concentrations of Fe and Mn in the upper sections of the 
sediment profiles (units 4,5 - trenches 13,16) (Fig. 7) support the 
well-documented occurrence of Fe and Mn oxides-hydroxides as coatings on 
clay minerals or as discrete particles on silt-size fractions under 
oxidizing conditions (Jenne, 1968,1976; Salomons and Forstner, 1984). 
The elevated concentrations of As, Cu, and Zn (trenches 13,16) (Fig. 7) 
probably result from coprecipitation-adsorption onto these oxides-
hydroxides (Davis, 1980; Forstner and Wittman, 1981; Jenne, 1968,1976). 
Certain metals are also recognized to preferentially complex with 
organic material (Jenne, 1968,1976; Davis, 1980; Salomons and Forstner, 
1984). Although scant organic debris is present throughout the oxidized 
portions of the sediment, abundant amounts are present in the cohesive 
silt unit (unit 2) and to a lesser extent in the transition unit (unit 
3) at the redox boundary. Consequently, copious amounts of Cu and 
lesser amounts of Zn are found concentrated in units 2 and 3 (trenches 
4,5,6,8,19 - Fig. 8a). A sediment sample from trench 6 (Fig. 8a) 
consisting of essentially undecayed organic matter yielded about 5% Cu. 
Mantoura et al., (1978) states that Cu is preferentially sorbed by humic 
materials more than any other element (except Hg). The lower 
concentration of Zn versus Cu may be a result of lower overall 
concentrations of Zn in the system, or perhaps from the inability of 
other metals to compete effectively with Cu for the organic carbon 
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binding sites (Davis, 1980; Nriagu and Coker, 1980; Kerndoff and 
Schnitzer, 1980). 
The proximity of units 2 and 3 to the oxidation-reduction interface 
may also affect the fractionation of metals. At this boundary, the 
change in redox conditions and stable forms of minerals redistributes 
the particulate phases of metals (Salomons and Forstner, 1984) and, 
consequently, migration and reprecipitation may occur. For example, As 
is sometimes found in elevated concentrations in the transition unit 
(unit 3) (trenches 6,8 - Fig. 8a), where it is probably sorbed and 
complexed by Fe oxyhydroxides after it migrates into the oxidized zone. 
Also, at the redox boundary, there is an increase in the concentration 
of Mn (trenches 5,19 - fig 8b) which is probably associated with 
organics or possibly sulfides (Moore, et al., 1988). In reducing 
environments, the chemical processes that occur are mainly driven by the 
decomposition of organic matter by sulfate-reducing bacteria (Salomons 
and Forstner, 1984). In this process, sulfate is converted to sulfide, 
and as a result, dissolved trace metals released by the sulfate 
dissolution can be incorporated and precipitated with the sulfides. Such 
reactions may bind Zn and Cu to sulfides in the reduced zone of units 1 
and 2. 
In the basal sand (unit 1), there is a decline in the concentrations 
of all metals analyzed (Figs. 7; 8a,b). This overall decrease is 
probably indicative of pre-metal enrichment conditions, because metal 
concentrations are similar to those represented by background values. 
The cohesive silt (unit 2) directly overlying the basal sand (unit 1) is 
interpreted to represent pre-mining deposition, also. However, this 
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unit contains highly elevated metal concentrations. These anomalous 
values probably result from the downward leaching of metals from the 
overlying tailings deposits, strengthened by the complexing abilities of 
the organic material. Also, the high-surface area to volume ratio of 
these fine-grained sediments provide more reaction sites for metal 
complexation and likely create a barrier for metal movement into the 
underlying coarser-grained unit. 
Because the highest concentrations of metals appear to be strongly 
bound to the sediment phases, under these conditions, contamination of 
the groundwater is unlikely. However, any change in redox conditions or 
fluctuations in the position of the water table due to radical increases 
or decreases in precipitation could liberate metals due to sulfide 
oxidation and consequent decrease of pH, or from release of metals 
adsorbed to oxides and hydroxides under reducing conditions. 
The persistence of contaminants in soils over long periods of time 
make soil pollution even more serious than air or water pollution 
(Davies, 1980). Not only does the polluted sediment provide "secondary 
sources" to surface water during flooding, but it also increases the 
availability for uptake by plants (Bradley and Cox, 1986). For example, 
metal tolerant vegetation is now flourishing on the Clark Fork 
floodplain. Because farmers actively graze cows and horses in this area 
of the floodplain, metal contamination in the sediments could be a 
source for metal poisoning to animals and possibly, humans. 
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SUMMARY AND CONCLUSIONS 
Concentrations of arsenic, copper, manganese, and zinc are highly 
enriched in floodplain sediment of the Clark Fork River. Metals and 
metalloids were concentrated initially when sediment load escalated as a 
result of the input of mine tailings into the fluvial system upstream. 
Because of increased sediment supply, rapid lateral channel migration 
occurred, intermittent channels incised the area, and extensive but 
irregular overbank deposition occurred. Contaminated sediments were 
generally deposited as overbank sediments or as point bars adjacent to 
abandoned channels. Presently, they are characterized by areas devoid 
of vegetation and by the occurrence of a blue metal sulfate precipitate 
on the surface. After the influx of contaminated sediment was 
controlled in the headwaters, channel Incision and migration developed 
meander channel patterns similar to those of today. 
After deposition, metal distributions in the floodplain sediments were 
modified by diagenetic processes. Post-depositional partitioning of 
metals within the stratigraphic profiles depended mainly upon the 
environmental redox conditions which controlled the phase and chemical 
fraction in which the metals were concentrated. In the oxidized areas 
near the surface, iron and manganese are probably concentrated as oxides 
and hydroxides. Copper and zinc were highly enriched in the cohesive 
silt and transition unit located near the redox boundary. They are 
likely complexed by organic material or diagenetic sulfides in reduced 
areas or where oxidized, adsorbed onto hydrous oxides. Arsenic is 
likely associated with oxides and hydroxides in the transition unit and 
near the surface. 
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Diagenetic distributions also indicate that metal migration, both 
vertically and laterally, has occurred. During high evaporation and low 
precipitation periods, metals and sulfate in solution migrate to the 
surface and are precipitated as metal-enriched sulfate salts. 
Subsequent intense precipitation and rapid surface runoff results in the 
instantaneous dissolution of these salts, causing an abrupt lowering of 
pH and mobilization of metals to surface waters. Also, during flood 
conditions, metals can be incorporated into bed sediment and surface 
waters where tailings deposits are directly exposed to the active 
channel. 
Downward vertical migration within the stratigraphic profile is 
indicated by the highly elevated concentrations of metals in organic-
rich clayey silt directly underlying the tailings deposits. 
Complexation of metals in this unit is likely enhanced by the abundance 
of organic material, the proximity to the redox boundary, and the fine­
grained nature of the sediment. Consequently, these factors prevent 
movement into the underlying coarse sand and gravel aquifer. If small-
scale downward mobilization of metals into the aquifer does occur, the 
concentrations are overshadowed by dilution from ground water. 
Table 1. Results of Total Metal Analysis of National Sediment 
Standards: NBS 1645 (River Sediment) and NBS 1646 (Estuarine Sediment) 
1645 ( n = 12) 1646 (n = 8) LOD 
NBS This Study NBS This Study 
Al* 2. 26(0.04) 2.25(0.16) 6. 25(0.20) 5.76(0.24) .002 
As + 66 nc 66 (12) 11. 6 (1.3) 14.8 (9.8) 8 
Cd 10. 2 (1.5) 8.6 (2.0) 0. 36(0.07) BD 1.2 
Cu 109 (19) 108 (15) 18 (3) 18 (1) 1.2 
Fe* 11. 3 (1.2) 10.3 (1.6) 3. 35(0.10) 3.42(0.15) <•001 
Mn 785 (97) 749 (115) 375 (20) 360 (16) 0.22 
Pb 714 (28) 673 (89) 28. 2 (1.8) 43.9(18.7) 8.5 
Zn 1720 (170) 1661 (229) 138 (6) 126 (14) 0.5 
* measured in wt. %, all others in ug/g 
+ computed by cation exchange analysis 
Results reported as mean and (95% CI [2s]). 
LOD = Limit of detection for this technique. Detection limit = 3*sd of 
reagent blank. 
nc = non-certified 
BD = below detection 
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Table 2. Description of sediment units in vertical profiles* 
Unit 5 Topsoil: medium brown clay, silt and fine sand, usually 
root-bound or very organic; does not occur where 
tailings are at the surface as it supports grass growth. 
Unit 4 Tailings: consists of mottled orange and gray fine sand 
to silt, micaceous (predominantly, vermicular biotite) 
with up to 10-15% slag or smelted glass; locally, 
contains orange and gray clay. 
Unit 3 Transition unit: contains reduced and oxidized material 
(based on presence or absence of orange-brown iron 
oxides), usually brown to gray medium sand to silt with 
organic material; discontinuous. 
Unit 2 Cohesive silt: dark, organic, cohesive clayey silt with 
abundant mica; locally can be almost entirely partially 
decayed plant material. 
Unit 1 Basal sand: coarse, quartz sand with dark fines, 
micaceous, may contain gravels; partly saturated during 
wetter seasons. 
Gravel and boulder aquifer 
* units arranged in descending order, with depth. Descriptions based 
on combination of corresponding stratigraphic units in each trench 
profile. 
Table 3. Statistical description of averaged concentrations in sediment units. 
(All values in ug/g, Al and Fe in wt %) 
Mean SD Min Max Mean SD Min Max Mean SD Min Max 
Unit Al As Cd 
5 5.15 1.30 2.25 5.98 371.7 124.0 248.0 682.5 8.79 7.96 BD 25.00 
4 5.06 0.97 3.59 7.24 488.6 213.0 6.0 855.5 1.44 2.49 BD 9.18 
3 5.89 0.51 4.91 6.79 1269.7 793.3 17.0 2657.5 5.08 7.26 BD 24.50 
2 6.29 0.62 4.97 7.09 782.0 888.2 6.0 3023.0 9.83 10.90 BD 34.70 
1 6.09 0.99 2.84 7.43 87.1 184.2 4.0 715.0 3.25 7.41 BD 32.20 
Cu Fe Mn 
5 2861 1368 793 4868 3.32 0.93 2.09 4.88 1580 744 508 2665 
4 1472 1306 10 4809 2.37 0.50 1.49 3.38 630 469 239 2200 
3 4444 4326 245 15749 4.14 0.38 3.65 4.83 1206 746 509 2628 
2 8646 7953 16 24838 3.71 0.73 2.30 4.96 1554 1114 402 4632 
1 887 1572 18 6252 1.91 0.72 0.80 3.09 459 200 190 876 
Pb Zn n 
5 383.4 149.2 148.0 692.0 2542 1662 313 5327 9 
4 544.3 221.3 75.0 992.5 1334 800 46 3487 16 
3 879.3 502.8 54.0 1878.0 2922 1751 394 6267 10 
2 834.1 837.5 30.0 2750.0 3540 2352 80 7131 15 
1 96.3 128.5 20.3 513.0 693 776 63 2762 17 
Averaged values based on unit descriptions in table 2. 
BD = below detection 
Limits of detection listed in Table 1. 
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Table 4. Background metal concentrations in shales and in 
floodplain and bed sediments of Clark Fork River tributaries 
(values in ug/g, Fe in weight %) 
Shales 1 Clark Fork Tributaries 
Floodplain-^ BedJ 
As 13 26.5 (22.5) 4.0 
Cd 0.22 <2.5 <1.2 
Cu 45 27 (15) 14(4) 
Fe 4.7 13.7 (3.9) -
Mn 850 438 (240) 354(78) 
Pb 20 24 (33) 20 
Zn 95 94 (98) 33(20) 
1 Data from Turchian and Wedepohl (1961). 
Compiled in Salomons and Forstner (1984), p. 149. 
2 J.N. Moore, et al., in press 
3 E.J. Brook, (1988). Means of total concentrations of 12 samples 
collected in Little Blackfoot and Blackfoot Rivers (fig 1). Values 
in parentheses = 1 std. dev. Pb and As data from Andrews (1987) for 
two samples (Blackfoot and Little Blackfoot Rivers). 
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Chapter 1 —Figure Captions 
Figure 1. Location map showing the study site and the Clark Fork 
River, between Butte and Missoula, MT. 
Figure 2. Geomorphologic surface map of floodplain sediments. 
EXPLANATION 
1 — "Uncontaminated" overbank deposits 
2 — Tailings deposits 
3 — Gravel and coarse sand channel bars 
4 — Abandoned channels 
5 — Upper floodplain terrace 
6 — Eroded Tertiary fill sediments 
Figure 3. Isopach map of tailings deposits. 
(Contour interval = 10 cm) 
Figure 4. Hypothetical channel patterns of the Clark Fork River at the 
study site, circa 1900. 
Figure 5. Channel pattern changes in the Clark Fork River at the study 
site, 1947-1983. 
Figure 6. Surface concentrations of As, Cu, Mn, and Zn at the trench 
s i tes. 
Figure 7. Concentrations of Fe, Mn, As, Cu, and Zn in trenches 13 and 
16, showing the relation of Fe and Mn concentrations in oxidized areas 
of the profiles to As, Cu, and Zn concentrations. The numbers in 
parentheses correspond to the averaged sediment units (see Table 1). 
If the numbers are between two samples, both samples are considered part 
of the same averaged unit. If questioned, that sample's lithology is 
unique and not included in the averaged units. 
Figure 8(a). Concentrations of As, Cu, and Zn In trenches 4,5,6,8, and 
19, showing enriched values in units 2 and 3. The numbers in 
parentheses correspond to the averaged sediment units (see Table 1). See 
explanation for figure 7. 
Figure 8(b). Concentrations of Fe and Mn in trenches showing enrichment 
of Mn at the redox boundary (unit 3). The numbers in parentheses 
correspond to the averaged sediment units (see Table 1). See 
explanation for figure 7. 
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Chapter II. SEDIMENT-WATER INTERACTION IN THE FLOODPLAIN 
OF THE CLARK FORK RIVER, MONTANA, OSA 
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INTRODUCTION 
Diagenetic processes control trace metal partitioning between sediment 
and water after deposition. The degree of interaction between the 
particulate and dissolved phases appears to be directly affected by 
redox conditions and the pH of the system (Davies, 1980; Forstner and 
Wittman, 1981). These factors determine whether metals will be 
immobilized by adsorption or complexation onto the sediments or 
mobilized as hydrated or complexed ions (Brannon et al., 1980; Bradley 
and Cox, 1986). Therefore, a sound understanding of the distribution of 
metals between sediments and water in fluvial systems contaminated by 
mining wastes is especially important environmentally because of the 
potential for mobilization of elevated metal concentrations into surface 
and ground water supplies. 
Recent studies have identified extensive contamination in deposits of 
the Clark Fork River of western Montana, the largest tributary of the 
Columbia River of the northwestern United States (Johns and Moore, 1985; 
Andrews, 1987; Axtmann and Luoma, 1987; Moore, 1987; Moore, et al., 
1988; Moore, et al., in press). The Clark Fork originates directly 
downstream from the Butte-Anaconda mining district, a historically 
active mining area where more than 500 million tons of precious and base 
metal ore were extracted from sulfide ore deposits of the Boulder 
Batholith (Meyer, 1968) between 1864 to 1972. In the early part of the 
century, the Butte-Anaconda mines were known as some of the most 
important producers of copper, manganese, zinc, and to a lesser extent, 
lead, cadmium, and silver in the world (Miller, 1973). Early mining 
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processes were inefficient, so that prior to construction of settling 
ponds for waste entrapment in the 1940's and 1950's, excessive amounts 
of untreated waste and tailings were discarded directly into the 
headwaters of the Clark Fork River. Subsequently, these materials were 
transported downstream and became incorporated into the river bed 
(Andrews, 1987; Moore, 1987), floodplain sediments (Axtmann and Luoma, 
1987; Brooks and Moore, 1987; Moore, et al., in press), and eventually, 
reservoir sediments (Johns and Moore, 1985). Although several studies 
have described the effect of elevated metal concentrations on sediment 
in the floodplain and river bed, none have examined the partitioning of 
metals between sediments, porewater, and groundwater in the Clark Fork 
floodplain. Therefore, this research was initiated to examine the 
distribution and concentration of metal contamination in the floodplain 
and to determine the extent of metal transfer from the floodplain 
sediments into the porewater and ground water. 
A 2km^ area of the floodplain, located approximately 9 river km from 
the headwaters of the Clark Fork (Fig. 1) was studied in detail. The 
area is bordered by a pre-mining or prehistoric upper floodplain terrace 
on the western edge, and by eroded Tertiary fill deposits, forming 20-
30m high cliffs in some areas, on the eastern boundary. This portion of 
the floodplain was chosen because of obvious lack of vegetation 
suggesting elevated concentrations of metals in the sediments, and the 
lack of obstructions, such as roads and railroads, that inhibit the 
natural depositional pattern of the river. 
In order to study the effects that redox conditions and pH have on 
distribution of metal concentrations in the Clark Fork River floodplain, 
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sites were established where sediment and water throughout the 
stratigraphic profile were sampled and analyzed. These analyses allowed 
interpretation of the chemical processes which speciate metals between 
particulate and dissolved phases, and determination of the possibility 
for vertical and lateral migration of metals into the local surface and 
groundwater systems. 
METHODS 
Sediment 
During the summer and fall of 1986, twenty sediment profiles, located 
at control points throughout the floodplain, were sampled at each 
stratigraphic level. Trenches, ranging in depth from 60 to 162 cm, were 
dug until the water table was reached. After 2-3cm of exposed sediment 
was scraped away with a plastic spoon, three to six samples were 
collected in polythene bags. The spoon was rinsed with deionized water 
between subsequent collections. Following transport to the laboratory, 
the samples were allowed to air-dry. 
The pH values throughout the stratigraphic profile were determined by 
creating a slurry of sediment and deionized water (1:1) and recording 
the pH measurements until equilibrium was achieved. Redox potential 
(Eh) was not used to determine redox conditions because of the 
unreliability of the measurements due to absence of internal redox 
equilibrium in low-temperature aqueous systems (Lindberg and Runnells, 
1984) . 
Chemical analyses of the sediment samples was accomplished by 
utilizing a total dissolution microwave technique modified from Nadkarni 
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(1984). Dried, homogenized samples were weighed to a nominal weight of 
0.2000g and placed in 40ml screw-top Teflon reaction vessels (Savillex 
Corp.) to which 5ml of Aqua Regia (3:1, HC1:HN03) and 2ml of HF (all 
acids Baker Instra Analyzed) were added. Six samples were placed in a 
resealable plastic container in a microwave oven (General Electric, 
Model JET 209D), heated at high power for 5 minutes, and then allowed to 
cool. After cooling, 2.5% (w/v) boric acid (Baker Analyzed) was added 
and allowed to sit for at least a half hour. Afterwards, each solution 
was filtered using a 0.45um Whatman cellulose triacetate filter and 
syringe filter apparatus, then diluted to 100ml (final volume) with 
deionized water. Chemical analyses were performed using an Jarrell-Ash 
Model 800 Atom Comp ICAPS (Inductively Coupled Argon Plasma Atomcomp 
Spectrometer) for Al, Cu, Cd, Fe, Pb, Mn, and Zn with matrix equivalent 
s tandards . 
The high concentration of Al In the samples created interference with 
the As line on the ICAPS. As a result, standard analyses for As were 
unreliable. Therefore, to analyze for As, an ion exchange resin (BIO-
RAD Analytical Grade Cation Exchange Resin, AG 50W-X8, 100-200 mesh, 
hydrogen form) which adsorbed Al was utilized. Chemical analyses were 
also completed using the ICAPS. 
Precision of the total dissolution and ion exchange procedures were 
tested by repeated analysis of national reference standards, NBS 1645 
(River Sediment) and NBS 1646 (Estuarine Sediment) (Table 3) and 
duplicate analysis. Lead values varied significantly, so concentrations 
in the sediment may be unreliable. 
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Water 
During August 1986, well sites were located near the sediment profile 
locations (Fig. 2). Ten 5cm polyvinyl chloride (PVC) sand point wells 
with 91cm of ,25mm slot screen (Gator Plastics, Inc.) were augered into 
the shallow aquifer. These wells were used predominantly as control 
sites for water-level fluctuation, but were also sampled quarterly for 
chemical analysis. In order to monitor the migration of metals 
vertically throughout the stratigraphic section in the porewater and 
groundwater, four nest sites were installed. Three nest sites (NB, NC, 
ND - Fig. 2) were located in areas where overbank deposition of 
contaminated sediment occurred, because sediment profiles at these sites 
contained distinct boundaries separating an upper oxidized zone of 
contaminated sediment overlying pre-mining reduced sediment. For 
comparison, a control site (NA) was located in a heavily grassed, 
presumably less contaminated, area. This site is located on a slight 
topographic rise, and it is likely that high discharge water and 
therefore, contaminated sediment only sporadically covered this area. 
Each site consisted of two 5cm PVC sand point wells with 31cm of .25mm 
slot screen (Gator Plastics, Inc.) and two suction lysimeters, at 
successive stratigraphic levels (Fig. 3). At each site, the deep well 
(Wl) was screened opposite the local aquifer (see discussion, 
Stratigraphic-aquifer framework) and the shallow well (W2) was placed in 
the overlying coarse sand (unit 1, Table 1). All wells were finished by 
sealing with bentonite and developed by purging until no visible 
sediment appeared in the expelled water. The lysimeters were 
constructed according to the method of Linden (1977), using porous 
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ceramic cups (Soil Moisture Equipment Corp - 1 Bar, High Flow). The 
porous cups and 3cm PVC pipe used to construct the lysimeters, were 
acid-washed, rinsed thoroughly, and allowed to sit in deionized water 
until pH > 5. The deep lysimeter (LI) was placed in the cohesive silt 
(unit 2). The shallow lysimeter (L2) was placed in the transition unit 
(unit 3) or into the tailings deposits (unit 4) where the transition 
unit was absent. The lysimeter cups were set in 10-15cm of silica sand 
to promote good contact between the cup and the soil (Linden, 1977) and 
to prevent clogging of the ceramic cups, and finished by sealing with 
bentonite. The depths of the lysimeters and wells and the corresponding 
sediment units (Table 1) are listed in Table 2. 
Water samples were collected monthly at the nest sites and quarterly 
at the water-level control wells, from November, 1986 to October, 1987. 
Well samples were obtained by purging at least two well volumes using a 
peristaltic pump. Purging was not always possible during dry periods 
when the water-table was lowered and recharge was minimal. Lysimeter 
samples were collected by displacement of water with air using a vacuum 
and pressure pump. After sampling, vacuums in the lysimeters were 
restored to 40 centibars. Each water sample was filtered through a 
0.45um Whatman cellulose triacetate filter using a syringe filter 
apparatus into a acid-washed 125ml Nalgene bottle, and immediately 
acidified to .12M with hydrochloric acid. 
Water samples were analyzed for Al, Cu, Cd, Fe, Pb, Mn, and Zn using 
the ICAPS. Precision and accuracy of water analysis were evaluated by 
repeated analyses of USGS (United States Geological Survey) water 
reference standards T-91 and T-95 (Table 4) and by duplicate analyses. 
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Standard accuracy was generally between 10-15% and duplicate analysis 
was within 5%. Precision of chemical analyses is often affected when 
the metal concentrations are near the limits of detection (Table 4), as 
is common in many of the water samples and standards. 
RESULTS AND DISCUSSION 
Stratigraphic and aquifer framework 
Five distinct sediment units were identified from stratigraphic 
profiles throughout the area (Table 1). The basal sand and cohesive 
silt (units 1,2) are interpreted to be deposited under pre-mining 
conditions, while the overlying transition and tailings sediments are 
thought to be deposited during the period of mining activity (units 3, 
and 4, respectively). The transition unit is locally discontinuous. 
Vegetated surfaces of the floodplain (unit 5) probably represent 
overbank deposition during a post-mining period where the influx of 
metals was not as intense or where metal tolerant vegetation has been 
able to adapt to the elevated metal concentrations. In these sediments, 
the redox boundary approximately corresponds to the contact between the 
cohesive silt (unit 2) and the transition unit (unit 3). The redox 
boundary was identified by the presence of oxide minerals and absence of 
organic material in the oxidizing zone and by the occurrence of 
sulfides, particularly pyrite, and abundant organic material in the 
reducing zone (Berner, 1981). In similar sediments at Milltown 
reservoir, Moore, et al• (1988) also found that the interface between 
oxidizing and reducing conditions corresponds to a "visual change from 
yellowish-brown mottled sediment to olive-black and dark gray sediment," 
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in addition to changes in the amount of dissolved oxygen and ferrous 
iron. 
The stratigraphic section described above is underlain by a gravel to 
boulder to coarse sand aquifer at depths about 0.5 to 1.5m below land 
surface (includes unit 1 in most areas and underlying material, Table 
1). The aquifer sediments, likely old channel and point bar deposits, 
occurred at the base of all the trenches. Estimated values for 
intrinsic permeability of similar-sized, but better sorted sediments 
(clean sands and gravels) range from 1 X 10-^ to 1 X 10-^ cm^ (Freeze 
and Cherry, 1979). 
The water table is generally located within the basal coarse sand 
(unit 1), but throughout the year fluctuates within this unit and the 
underlying aquifer sediments. In the wells closest to the active 
channel, water-level fluctuations are more pronounced and the water 
table may be located anywhere within the stratigraphic profile depending 
on the river stage. Estimated thicknesses for the capillary fringe vary 
from 200cm to 6.5cm (Lohman, 1972) based on whether it is located in the 
cohesive silt (unit 2) or in the upper part of the basal sand (unit 1), 
respectively. However, water-levels in most wells are never above the 
top of the cohesive silt (unit 2). One exception is at nest site ND 
where water-levels in the spring rise into the lower part of the 
tailings deposits. 
Potentiometric surface maps (Fig. 4) of the study area indicate that 
ground-water flow discharges to the Clark Fork River and only minor flow 
direction changes occur due to seasonal water table fluctuations. 
Discharge into the river continues throughout the year, and locally, 
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visible seeps occur in the cutbanks above river level. Ground-water 
levels and river stage between October, 1986 and October, 1987, are 
directly correlated (Fig. 5a) at all well sites (Water-level control 
well 1 is used as a representative example), except for a rise in water-
levels in early spring. This water-table rise during March and April 
may signify the effect of recharge resulting from spring snowmelt. A 
comparison of water-levels and precipitation indicate only minor 
similarities (Fig. 5b). During the winter months when precipitation is 
frozen, direct recharge does not occur, as indicated by very little 
fluctuation in water levels. In the summer months, evapotranspiration 
exceeds precipitation so that direct recharge from rainfall again does 
not occur. This Is substantiated by the absence of water in lysimeters 
during this period. During May, an increase in rainfall corresponds to 
decreases in ground-water levels and river stage (Fig. 5b). In 
September, the opposite situation occurs. This phenomenon is likely 
related to the seasonal diversion of surface water to irrigation 
ditches, which supply water to adjacent agricultural areas. Ground­
water levels mirror the trends in river stage as the gradient readjusts 
to the effects of the diversion. 
Contaminant distribution 
Elevated metal concentrations in the floodplain of the Clark Fork 
River originate from tailings deposited onto the floodplain 
predominantly as overbank deposits and as point bars adjacent to 
abandoned channels (Brooks and Moore, 1987). The contaminated areas are 
recognized by a lack of vegetation, the distinct orange and gray mottled 
color of the sediment, and the appearance of a blue, metal-sulfate 
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precipitate on the surface during dry periods. Of the sites located in 
these areas (NB, NC, ND; Fig. 2), average metal concentrations in the 
sediments and water are more highly elevated at ND and to a lesser 
degree at NB and NC (Table 5). All metals and arsenic were much less 
concentrated in the sediments and water at the control site (NA). A 
comparison between the control site (NA) and the contaminated sites 
illustrates the significant difference in metal concentrations between 
areas highly influenced by the influx and deposition of tailings 
material and those areas that are relatively uncontaminated. Also, 
these dissimilarities indicate the notable variability in the 
distribution of metal concentrations in a localized area. 
In the sediments at all nest sites, Fe and Mn follow very similar 
trends with depth (Fig. 6). This correspondence and the concentration of 
these elements in the upper portions of the sediment profiles support 
the well-documented occurrence of Fe and Mn oxides-hydroxides as 
coatings on clay minerals or as discrete particles on silt-size 
fractions under oxidizing conditions (Jenne, 1968, 1976; Davies, 1980; 
Salomons and Forstner, 1984). The elevated values of As, Cd, Cu, and Zn 
in the oxidized sediments at the contaminated nest sites (NB, NC, and 
ND) (Figs. 6,7) probably result from coprecipitation-adsorption onto 
these oxides-hydroxides (Forstner and Wittman, 1981). The most elevated 
concentrations of Cu, Cd, Zn, As, Fe, and Mn occur in the transition 
unit (unit 3) located directly above the redox boundary, and for Cu, Cd, 
and Zn in the cohesive silt (unit 2) below the redox boundary. Where 
the transition unit is absent (NB), the highest values for Cu, Cd, and 
Zn occur in the cohesive silt (unit 2; Figs. 6,7). 
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The stratigraphic position of the most elevated concentrations of As 
and Cu varies between nest site NB and those of NC and ND (Figs. 6,7). 
At NB, Cu and As are more concentrated in the tailings deposits (unit 
4). At nest sites NC and ND, Cu and As values are more enriched in the 
transition unit (unit 3). 
The occurrence of anomalous values in the transition unit (unit 3) 
directly above the redox boundary, can result from the interaction of 
sulfide-oxidizing bacteria (Smith and Shumate, 1970; Nordstrom, et al., 
1980; Forstner and Wittmann, 1981). In this process, sulfides are 
oxidized and metals bound to the sulfides are released and re-
precipitated as or adsorbed onto oxides and hydroxides (Smith and 
Shumate, 1970). Below the redox boundary in the cohesive silt (unit 2), 
Fe and Mn oxyhydroxides are partly or completely dissolved and adsorbed 
metals are readily mobilized (Forstner and Wittman, 1981; Moore, et al. , 
1988). Subsequently, sulfides form and scavenge Cu, Cd, As, and Zn ions 
from solution (Jenne, 1976; Salomons and Forstner, 1984; Moore, et al. , 
1988). Zn, Cd, and Cu sulfides have lower solubility products than 
ferrous sulfide because they generally occur in lower concentrations 
(Salomons and Forstner, 1984). Therefore, dissolved metals tend to 
coprecipitate with the Fe sulfides rather than form discrete sulfides 
(Jenne, 1976). 
The complexation of metals are also recognized to be significantly 
enhanced by the presence of organic material in the system (Jenne, 1968, 
1976; Davis, 1984; Laxen, 1984; Tipping, 1986). Although scant organic 
debris is present throughout the oxidized portions of the sediment at 
the contaminated sites, abundant organic material is present in the 
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cohesive silt (unit 2) and to a lesser extent in the transition unit 
(unit 3) at the redox boundary. In these units, extremely high 
concentrations of Cu and to a lesser extent, Zn and Cd occur (Fig. 7). 
A sediment sample from ND, consisting of mostly partially decayed 
organic matter, yielded about 5% Cu. Mantoura et al. (1978) cites that 
Cu is preferentially adsorbed by humic materials more than any other 
element (except Hg), and Davies (1980) reports that the immobilization 
of more than 90% Cu and 60% Zn can be attributed to surface adsorption 
and complexation by organic matter. The lower concentrations of Zn and 
Cd versus Cu may be a result of lower overall concentrations of these 
elements in the system, or perhaps from the inability of Cd and Zn to 
compete effectively with Cu for the organic binding sites (Nriaga and 
Coker, 1980; Kerndoff and Schnitzer, 1980; Laxen, 1985). 
In the basal sand (unit 1), there is a decline in the concentration of 
all metals analyzed (Figs. 6,7). This overall decrease is probably 
indicative of pre-tailings depositional conditions, because metal 
concentrations are similar to those represented by background values. 
The cohesive silt unit (unit 2) directly overlying the coarse sand of 
the basal sand (unit 1) is interpreted to represent pre-mining 
deposition, also. However, this unit contains highly elevated metal 
concentrations (Fig. 7). These anomalous values probably result from 
the downward leaching of metals from the overlying tailings deposits. 
Strengthened by the complexing abilities of the organic material, a 
barrier may be created which prohibits metal movement into underlying 
sediments. 
Metals concentrations in the porewater and groundwater at the nest 
55 
sites follow distribution trends compatible to those in the sediments. 
At the contaminated sites, dissolved concentrations of Cu, Zn, and Cd 
are more significantly elevated in the porewaters (Fig. 8), and Fe and 
Mn occur more prominently in the ground water (Fig. 9). The significant 
increase of Fe below the boundary between unsaturated and saturated 
conditions at all nest sites can be explained by the dissolution and 
mobilization of Fe oxides under reducing conditions (Davies, 1980; 
Forstner and Wittman, 1981). Mn appears to be more soluble because it 
occurs in the porewater, also. An explanation for this phenomenon is 
that Mn oxides are reduced and mobilized at a higher oxygen potential 
than Fe and will therefore persist in the dissolved phase longer after 
oxygen is reintroduced (Jenne, 1976). 
Trends in As values appear to be unique (Fig. 9). Concentrations are 
lower at the surface, and then increase in the deepest lysimeter (LI) 
and shallowest well (W2). These sampling depths correspond to those of 
the cohesive silt (unit 2) and the basal sand (unit 1) which forms the 
upper part of the aquifer. It Is evident from this data that As Is 
migrating into the groundwater, although Cu, Cd, and Zn do not. Reasons 
for this phenomenon may be related to the high mobility of As species 
under anaerobic conditions (Brannon and Patrick, 1987; Moore, et al. , 
1988). Therefore, except for As, Fe, and Mn, all other metals tend to 
be mobilized only in the interstitial waters near the surface. 
The anomalous values of Cu, Zn, and Cd in the porewaters are likely a 
result of the dissolution of oxides, hydroxides, and sulfates to which 
the metals are bound during the influx of recharge to the system. For 
example, the extremely high concentrations of Cu, Zn, and Mn occur in 
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the shallowest lysimeters at nest site ND. At this collection point, 
due to the dissolution of metal-enriched sulfate salts at the surface 
from precipitation, pH values range from 4.0 to 4.3. Because relative 
adsorption capacities of cations decrease at low pH conditions, metals 
are more readily mobilized (Filipek, et al., 1987). At this site with 
increasing depth, pH values increase to between 6.3-6.8. Consequently, 
dissolved metal concentrations decrease abruptly, probably resulting 
from adsorption-coprecipitation by Fe and Mn oxide-hydroxides under 
oxidizing conditions, or at greater depths, due to incorporation into 
sulfides under reducing conditions. 
Because highly elevated concentrations of Cu, Cd, Mn and Zn occur 
in pre-mining sediments or in the porewaters of the cohesive silt (unit 
3) directly overlying the aquifer, and As is found in the water of the 
basal sand (unit 1), downward migration of metals from the tailings 
deposits has occurred. However, metal concentrations in groundwater 
from the deepest wells located in pre-mining aquifer sediments decreased 
to very low levels at all sites. Therefore, if downward mobilization of 
metals into the gravel and boulder part of the aquifer occurs, it is not 
evident. Explanations for this phenomenon are that the high 
permeability of the aquifer sediments continually flushes the system and 
metals concentrations are diluted, or that metals are tightly bound in 
the sulfides or complexed by organic material in the overlying reduced 
sediments so that downward migration is prevented. 
These results indicate that fixation, mobilization, and chemical 
speciation between the sediments and water for As, Cd, Cu, Zn, Mn, and 
Fe throughout the stratigraphic section are directly dependent on the 
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solubilities of solid metal phases under diagenetic redox conditions, pH 
of the system, and the occurrence of organic material (Jenne, 1976; 
Jennett, et al•, 1980; Hart, 1982; Jacobs, et al., 1985). Because metal 
concentrations are much more elevated in contaminated areas, chemical 
adjustments to the environment are more accentuated by the patterns of 
mobilization and redistribution in reactive zones, such as the redox 
boundary. Therefore, a zone of enrichment generally occurs in the 
sediments and waters at the contaminated sites in close proximity to 
this interface (Hermann and Neumann-Mahlk.au, 1985; Mills, et al. , 1987). 
The phases which occur and the species which ultimately scavenge the 
metals are directly controlled by the redox conditions. However, at the 
surface, short-term intense occurrences of metal mobilization occur more 
readily due to pH fluctuations resulting from precipitation. 
Temporal variations in dissolved metal concentrations 
Temporal variations in dissolved metal concentrations are typically 
more significant in the porewater samples than in the ground water at 
the contaminated sites (NB, ND; Fig. 10). Throughout the fall, 1986 and 
winter, 1987, temporal variability in the metal concentrations was at a 
minimum. However, in March and April 1987, significant amounts of 
copper, zinc, manganese, and iron were recovered at ND in the shallowest 
lysimeter (L2, Fig. 10). Because the amount of precipitation during 
this period was relatively low, the influx of elevated metal 
concentrations is likely a result of the dissolution of sulfates on the 
surface or the rise of the water-table into the tailings deposits during 
snow melt. Sulfate salts commonly occur as blue precipitates on the 
surface of the contaminated deposits during dry periods. The 
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precipitates, likely copper-enriched gypsum or similar copper sulfate, 
are thought to form due to the upward migration of sulfate in solution 
during periods of increased evaporation, followed by precipitation on 
the surface (Nordstrom, et al., 1980). Dissolution of the sulfates 
liberates H+, the pH decreases rapidly, and metals bound in the sulfate 
are released to the dissolved phase. This process is substantiated by 
the anomalously low pH values (A.0-4.3) in the porewater at nest site ND 
in comparison to the other sites. In addition, mobilization of metals 
occurred when the water table rose into the contaminated sediments 
because of increased recharge during spring snowmelt. Desorption of 
metals from oxides and hydroxides or the dissolution of subsurface 
sulfates liberated anomalous concentrations of metals into the 
porewater. Dissolution and subsequent mobilization of metals from the 
sulfates and oxides-hydroxides also occurred during intense, short-term 
precipitation events, as indicated by continuous elevated concentrations 
of Cu and Zn at NC and ND throughout the summer, 1987. 
The contemporaneous occurrence of low pH values and the elevated 
concentrations of metals in the porewater illustrates how the ratio of 
adsorbed-coprecipitated metals to dissolved metals appear to be partly 
controlled by pH. As pH decreases, particulate matter becomes more 
positively charged, and its ability to scavenge positively charged metal 
ions is lowered (Filipek, 1987) due to competition with H+ ions 
(Forstner and Wittman, 1981). The mobilization of metals through 
processes such as these initiates migration of metals from the surface, 
into the porewater, and possibly the ground water. 
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SUMMARY AND CONCLUSIONS 
Concentrations of As, Cd, Cu, Mn, and Zn are highly elevated over 
background values in the sediments and porewater of the Clark Fork River 
floodplain. In visibly contaminated sites, produced by the accumulation 
of tailings deposits in overbank areas and in isolated point bars, metal 
values are at least an order of magnitude greater than in areas not 
exposed to the deposition of contaminated material. In these 
contaminated areas, mechanisms which chemically distribute metals 
between particulate and dissolved phases are mainly dependant on the 
redox conditions and on the pH of the system. At the redox interface, 
redistribution of metals and chemical phases to which they are bound 
occur in conjunction with dissolution and mobilization of dissolved 
metal ions. In the floodplain sediments, the boundary is marked by the 
contact between the oxidized transition unit (unit 3) and the underlying 
reduced cohesive silt (unit 2). Highly elevated concentrations of Cu, 
Cd, and Zn, and to a lesser degree, Fe and Mn occur in the material 
directly above the redox boundary (transition unit: unit 3). Under 
these conditions, Fe and Mn likely form oxides and hydroxides and adsorb 
Cu, Cd, and Zn onto the surfaces. In the reducing area below the redox 
boundary (cohesive silt: unit 2), these metals are likely complexed by 
organic material or preferentially bound to diagenetic sulfides. As is 
likely associated with oxides and hydroxides in the transition unit and 
at the surface. 
Highly enriched concentrations of dissolved Cu, Cd, and Zn occur In 
the porewaters, resulting from the Interaction of precipitation and 
sulfate salts on the surface or due to the rise of the water-table into 
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the tailings deposits. Mobilization and migration of metals occur when 
sulfates dissolve and when metals are desorbed from oxides and 
hydroxides. Fe and Mn mainly occur as dissolved ions under reducing 
conditions in the groundwater, although Mn also occurs in the porewater 
because of its higher solubility. As is mostly concentrated in the 
shallowest well or in the upper part of the aquifer, and therefore, in 
addition to Fe and Mn, occurs in elevated amounts in the groundwater. 
Because of the extent of metal pollution in the Clark Fork floodplain, 
local groundwater and surface water supplies are continually threatened 
by the possibility of contamination. Surface waters can be exposed to 
enriched metal concentrations due to acidic runoff from contaminated 
areas, or groundwaters can be polluted by the downward migration of 
elevated metal concentrations from the overlying tailings deposits. 
Although solid phases in sediments have efficiently immobilized most 
toxic metals, the activity of As emphasizes the possibility of influx of 
contamination into the groundwater. Reclamation efforts in this area 
should stress the importance of controlling the processes which bind and 
immobilize the metals into stable solid phases. 
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Table 1. Description of sediment units in vertical profiles* 
Unit 5 Topsoil: medium brown clay, silt and fine sand, usually 
root-bound or very organic; does not occur where 
tailings are at the surface as it supports grass growth. 
Unit 4 Tailings: consists of mottled orange and gray fine sand 
to silt, micaceous (predominantly, vermicular biotite) 
with up to 10-15% slag or smelted glass; locally, 
contains orange and gray clay. 
Unit 3 Transition unit: contains reduced and oxidized material 
(based on presence or absence of orange-brown iron 
oxides), usuall' brown to gray medium sand to silt with 
organic material; discontinuous. 
Unit 2 Cohesive silt: dark, organic, cohesive, clayey silt with 
abundant mica; locally can be almost entirely partially 
decayed plant material. 
Unit 1 Basal sand: coarse, quartz sand with dark fines, 
micaceous, may contain gravels; partly saturated during 
wetter seasons. 
Gravel and boulder aquifer 
* units arranged in descending order, with depth. Descriptions based 
on combination of corresponding stratigraphic units in each trench 
profile. 
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Table 2. Sampling depths at nest sites. 
Sample // Depth Sediment Sample // Depth Sediment 
(cm) Unit* (cm) Unit* 
NA-L2 28 DC NC-L2 31 3 
NA-L1 72 DC NC-L1 55 2 
NA-W2 125 DC NC-W2 106 1 
NA-W1 180 Aquifer NC-W1 180 Aquifer 
NB-L2 32 4 ND-L2 46 3 
NB-L1 57 2 ND-L1 71 2 
NB-W2 122 1 ND-W2 128 1 
NB-W1 185 Aquifer ND-W1 189 Aquifer 
* Sediment units from Table 1 which correspond to water 
sampling depths. 
DC = sediments are unique and do not correspond to those in 
Table 1. 
63 
Table 3. Results of Total Metal Analysis of National Sediment 
Standards: NBS 1645 (River Sediment) and NBS 1646 (Estuarine Sediment) 
1645 ( n = 12) 1646 (n = 8) LOD 
NBS This Study NBS This Study 
Al* 2. 26(0.04) 2.25(0.16) 6. 25(0.20) 5.76(0.24) .002 
As+ 66 nc 66 (12) 11. 6 (1.3) 14.8 (9.8) 8 
Cd 10. 2 (1.5) 8.6 (2.0) 0. 36(0.07) BD 1.2 
Cu 109 (19) 108 (15) 18 (3) 18 (1) 1.2 
Fe* 11. 3 (1.2) 10.3 (1.6) 3. 35(0.10) 3.42(0.15) <.001 
Mn 785 (97) 749 (115) 375 (20) 360 (16) 0.22 
Pb 714 (28) 673 (89) 28. 2 (1.8) 43.9(18.7) 8.5 
Zn 1720 (170) 1661 (229) 138 (6) 126 (14) 0.5 
* measured in wt. %, all others in ug/g 
+ computed by cation exchange analysis 
Results reported as mean and (95% CI [2s]). 
LOD = Limit of detection for this technique. Detection limit = 3*sd of 
reagent blank. 
nc = non-certified 
BD = below detection 
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Table 4. Results of Water Analysis of U.S.G.S. Water Standards: T91 and T95. 
T-91 (n = 15) T-•95 (n = 10) LOD 
USGS This Study USGS This Study 
A1 0. 383(0 .15) 0.399(0.024) 0. 055 (0. 062) 0.034(0.031) 0. 01 
As 0. 001 0.003(0.005) 0. 001 (0. 0012) 0.003(0.005) 0. 015 
Cd 0. 035(0 .007) 0.036(0.005) 0. 0005 (0. 0006) BD 0. 002 
Cu 0. 94 (0 .086) 0.97 (0.044) 0. 011 (0. 009) 0.007(0.001) 0. 002 
Fe 0. 298(0 .062) 0.377(0.127) 0. 011 (0. 014) 0.004(0.005) 0. 003 
Mn 2. 36 (0 .2) 2.41 (0.1) 0. 004 (0. 006) 0.001(0.001) 0. 0002 
Pb 0. 017(0 .015) 0.027(0.018) 0. 004 (0. 005) 0.007(0.006) 0. 011 
Zn 5. 6 (0 .5) 5.9 (0.25) 0. 018 (0. 009) 0.012(0.003) 0. 002 
All values in mg/L. Results reported as mean and (95% CI [2s]). 
LOD = Limit of detection for this technique. Detection limit = 3*sd of 
reagent blank. 
BD = below detection 
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Table 4 (con't) National Interim Primary* and nonmandatory"1" Drinking 
Water Standards. All values in mg/L. (Hem, 1985) 
A1+ <0.05^ 
As* 0.05 
Cd* 0.01 
Cu+ 1.01 
CN CN • 
0
 
V
 
Fe+ 0.31 <0.052 
Mn+ 0.051 
CN i-H 0
 
•
 
0
 
V
 
Pb* 0.05 
Zn+ 5l <12 
* U.S. Environmental Protection Agency 
+ For nonmandatory standards: 
1 U.S. Public Health Service 2 American Water Works Association 
Table 5. Averages for metal concentrations In sediments and water located at the nest sites. 
(All values in ug/g, Fe in wt. %) 
As 
Cd 
Cu 
Fe 
Mn 
Zn 
As 
Cd 
Cu 
Fe 
Mn 
Zn 
As 
Cd 
Cu 
Fe 
Mn 
Zn 
As 
Cd 
Cu 
Fe 
Mn 
Zn 
Sediments: 
Mean Std Dev Max Min 
15.50 
0.09 
23.55 
3.04 
534.52 
73.54 
22.39 
0.12 
13.04 
0.34 
99.16 
24.98 
54.00 
0.30 
45.75 
3.44 
620.63 
114.60 
BD 
BD 
13.35 
2.57 
374.16 
51.90 
305.83 
6.04 
1808.04 
2.37 
505.59 
208.63 
6.09 
1279.66 
0.65 
264.09 
463.00 
14.60 
3329.03 
3.28 
865.27 
11.00 
0.93 
198.30 
1.83 
238.65 
3421.34 2627.17 7131.35 1393.43 
379.63 
5.94 
1847.61 
2.57 
486.53 
3040.53 
468.07 
5.56 
2874.14 
0.82 
144.03 
2628.81 
1177.50 
12.10 
6823.60 
3.65 
678.04 
6266.60 
8 .00  
0.25 
65.30 
1.49 
324.59 
76.50 
606.08 
9.73 
951.37 
11.39 
2657.50 
29.40 
10950.53 18319.36 51585.20 
3.49 
1239.90 
2331.59 
0.87 
675.20 
1308.75 
4.83 
2542.77 
4138.70 
Water: 
Mean Std Dev Max 
BD 
BD 
0.100 
0.548 
0.083 
0.101 
BD 
BD 
0.102 
0.789 
0.090 
0.112 
BD 
BD 
0.544 
2.593 
0.337 
0.557 
0.009 
0.015 
0.993 
2.127 
6.138 
2 . 6 8 6  
0.008 
0 . 0 2 1  
0.993 
2.840 
4.437 
2.637 
0.060 
0.086 
4.571 
9.964 
14.247 
10.242 
0.007 
BD 
0.393 
0.435 
0.315 
1.679 
BD 
BD 
0.406 
0.628 
0.187 
1.539 
0.035 
0.012 
0.948 
2.214 
0.614 
4.372 
MIL 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
0.265 
0.041 
BD 
BD 
BD 
BD 
BD 
BD 
7.00 0. o
 
£>
• 
O
 
0.028 0. 170 BD 
0.92 0. 102 0.176 0. 885 BD 
210.83 11. 609 20.010 92. 723 BD 
2.23 0. 712 0.509 3. 290 BD 
342.11 23. 174 36.252 210. 681 BD 
530.55 23. 657 40.423 231. 151 BD 
cn 
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Chapter 2 — Figure Captions 
Figure 1. Location map showing the study site and the Clark Fork River, 
between Butte and Missoula, MT. 
Figure 2. Location of nest sites and wells in the study area. 
Figure 3. Schematic drawing of nest site. Numbers on the right 
correspond to units in Table 1. Numbers on the left are thickness 
ranges for those units. 
Figure 4. Seasonal potentiometric surface maps derived from water-level 
control wells and nest site wells: Fall, 1986 to Summer, 1987. Contour 
interval is 1 foot. Elevations are based on a 100ft datum which is 
approximately 4530ft above sea level (Estimation from U.S.G.S. 15min. 
quadrangle, Deer Lodge, 1959). 
Figure 5(a). Head at water-level control well 1 versus river stage, 
September, 1986 to October, 1987. 
Figure 5(b). Head at water-level control well 1 versus precipitation, 
September, 1986 to October, 1987. 
Figure 6. Concentrations of As, Mn, and Fe in the sediments at the nest 
sites. The sediments at nest site NA are unique and do not correspond 
to those described in Table 1. The numbers in parentheses at NB, NC, and 
ND correspond to the averaged sediment units (see Table 1). If the 
numbers are between two samples, both samples are considered part of the 
same averaged unit. If questioned, that sample's llthology is unique 
and not included in the averaged units. 
Figure 7. Concentrations of Cd, Cu, and Zn in the sediments at the nest 
sites. The numbers in parentheses correspond to the averaged sediment 
units (see Table 1). See explanation for figure 6. 
Figure 8. Averaged concentrations of Cd, Cu, and Zn in the porewater 
and groundwater at the nest sites, November 1986 to October, 1987. 
BD = below detection, NM = not measured. 
Figure 9. Averaged concentrations of As, Mn, and Fe in the porewater 
and groundwater at the nest sites, November 1986 to October 1987. 
BD = below detection, NM = not measured. 
Figure 10. Temporal porewater and groundwater trends in concentrations 
of As, Cu, Zn, Mn, and Fe at nest sites NA, NB, and ND, Spring, 1987 to 
Fall, 1987- BD = below detection, NS = not sampled. 
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Appendix 1. Table A. Total metals analysis for sediment samples (ug/g). 
* = weight % , ** = average of duplicate, BD = below detection. 
Sample // Depth 
(c-rrA 
Al* As Ca* Cd Cu Fe* Mg* Mn 
T1A 
vcm; 
75 6.62 4 2.08 0.3 19 2.4 0.94 346 
TIB 61 7.02 24 1.43 0.1 51 4.0 1.16 402 
TIC 52 6.46 17 1.33 1.0 245 4.6 1.11 569 
T1D 36 3.77 430 0.27 0.5 766 2.6 0.16 467 
TIE 17 4.02 242 0.44 BD 889 1.3 0.15 399 
TIF 4 5.78 270 1.88 11.7 2356 3.4 0.99 1860 
T2A 56 6.36 119 2.12 3.6 1088 5.2 0.69 4014 
T2B 38 6.34 44 2.15 17.7 863 4.4 0.60 4010 
T2C 18 6.57 164 2.21 4.6 684 3.0 0.57 2067 
T2D 6 7.06 100 2.85 5.0 697 3.3 0.91 1655 
T3A 75 7.43 4 2.21 0.4 22 2.7 0.85 346 
T3B 51 6.78 6 2.12 BD 34 3.3 0.97 411 
T3C 31 7.24 6 2.09 BD 10 2.0 0.49 353 
T3D** 18 5.55 5 0.96 2.8 2861 2.8 0.62 730 
T3E 8 2.25 330 2.62 0.7 793 2.3 0.46 508 
T4A 91 7.07 21 1.85 2.1 139 1.2 0.36 272 
T4B 65 6.61 2447 1.29 2.1 24580 4.1 0.70 2895 
T4C 45 5.53 1983 1.35 3.8 15749 4.1 0.69 2628 
T4D 28 5.79 634 0.56 0.1 1764 2.8 0.51 595 
T4E 7 5.41 1077 2.60 BD 5293 3.5 0.52 955 
T5A** 136 6.49 8 1.81 0.3 167 1.9 0.68 443 
T5B 87 6.63 751 1.90 24.2 6833 3.9 1.03 4632 
T5C 62 6.60 1269 1.13 BD 2009 4.2 0.72 741 
T5D 55 8.14 792 0.16 BD 2106 2.9 0.44 278 
T5E 41 4.37 259 0.40 BD 374 1.6 0.30 280 
T5F 17 5.83 279 1.32 BD 1547 2.1 0.41 1355 
T6A** 113 6.55 8 1.92 1.6 211 2.2 0.70 342 
T6B** 83 6.54 7 1.13 21.6 6019 4.2 1.17 1353 
T6C** 65 3.18 73 0.66 29.4 51585 2.7 0.53 1336 
T6D** 48 6.01 2658 0.72 0.9 5794 4.8 0.87 2543 
T6E** 35 7.11 154 2.12 1.6 1003 3.6 0.99 1035 
T6F** 16 5.18 737 1.36 3.3 1091 3.4 0.62 830 
T7A 82 6.85 14 1.87 5.6 2718 2.7 0.84 816 
T7B 59 6.61 10 1.35 12.5 9150 3.3 1.14 1105 
T7C 32 5.90 1573 0.78 6.3 2758 4.3 0.79 942 
T7D 11 4.31 383 0.45 3.4 686 2.0 0.38 503 
T8A** 102 5.95 10 1.41 1.3 51 0.8 0.22 190 
T8B 78 7.00 24 2.07 1.7 210 3.3 1.08 873 
T8C 63 5.92 3023 1.47 BD 24838 5.0 0.84 1751 
T8D 46 4.91 1564 0.86 BD 1924 4.0 0.55 1090 
T8E 25 5.72 417 0.44 BD 654 1.9 0.42 326 
T8F 8 5.98 428 2.92 2.2 4181 3.4 0.85 640 
T9A** 108 7.16 7 1.95 0.3 15 2.6 0.63 374 
T9B** 75 7.28 1 2.10 BD 20 3.4 1.00 613 
T9C** 53 6.93 BD 1.94 BD 13 2.9 0.73 530 
T9D** 22 6.00 54 3.66 BD 46 3.3 1.32 621 
T10A** 102 6.28 11 1.78 2.6 198 1.8 0.58 413 
T10B** 60 5.97 463 1.52 14.6 1897 3.3 1.00 865 
T10C** 21 4.72 444 0.24 0.9 3329 2.0 0.35 239 
Appendix 1. Table A continued. 
Sample # Na* Ni Pb P* Zn 
T1A 1.68 18 31 0.07 67 
TIB 1.04 25 49 0.06 144 
TIC 0.94 27 54 0.09 394 
T1D 0.25 7 548 0.07 1096 
TIE 0.64 5 244 0.04 696 
TIF 1.05 17 230 0.12 4682 
T2A 1.56 25 162 0.09 3057 
T2B 1.57 22 162 0.07 1977 
T2C 1.63 16 168 0.07 883 
T2D 1.52 19 158 0.09 939 
T3A 1.94 20 72 0.06 72 
T3B 1.26 26 70 0.08 80 
T3C 2.30 17 75 0.05 46 
T3D** 0.78 13 604 0.08 2309 
T3E 0.38 10 148 0.12 313 
T4A 1.96 10 70 0.05 674 
T4B 0.44 18 2750 0.16 6418 
T4C 0.62 18 1266 0.11 4754 
T4D 0.37 13 604 0.07 1665 
T4E 0.66 16 737 0.09 1726 
T5A** 1.59 17 61 0.06 887 
T5B 0.96 25 1766 0.12 6106 
T5C 0.79 13 728 0.09 3217 
T5D 0.14 4 657 0.08 515 
T5E 0.30 9 290 0.05 769 
T5F 1.03 12 355 0.05 821 
T6A** 1.79 14 20 0.05 531 
T6B** 0.87 23 38 0.09 3195 
T6C** 0.36 15 156 0.19 4139 
T6D** 0.54 17 1878 0.12 3075 
T6E** 1.86 17 141 0.10 761 
T6F** 0.94 10 545 0.07 2289 
T7A 1.63 12 34 0.07 1182 
T7B 1.06 18 66 0.11 2433 
T7C 0.65 13 1027 0.10 4497 
T7D 0.33 6 434 0.06 2239 
T8A** 1.73 5 24 0.02 63 
T8B 1.32 27 52 0.08 1245 
T8C 0.51 15 1467 0.15 2681 
T8D 0.63 13 849 0.09 1888 
T8E 0.31 6 509 0.07 511 
T8F 0.93 15 335 0.10 1387 
T9A** 1.97 13 25 0.05 55 
T9B** 1.70 18 28 0.08 73 
T9C** 1.86 12 27 0.06 52 
T9D** 1.46 22 27 0.10 115 
T10A** 1.88 13 25 0.05 1739 
T10B** 0.83 30 324 0.08 7131 
T10C** 0.20 6 504 0.07 1393 
Appendix 1. Table A continued. 
Sample # Depth Al* As Ca* Cd Cu Fe* Mg* Mn 
T11A** 
ân; 
95 6.75 8 1.98 0.3 65 2.1 0.67 325 
TUB** 57 5.02 93 1.77 12.1 197 3.0 0.79 571 
T11C** 37 5.82 1178 0.82 10.9 6824 3.6 0.79 678 
T11D** 13 3.97 240 0.47 0.6 304 1.5 0.32 373 
T12A 55 6.46 9 1.74 0.2 131 3.0 0.69 441 
T12B 30 5.79 14 2.76 BD 16 2.5 0.51 685 
T12C 12 5.04 779 0.60 4.9 4809 2.8 0.45 2200 
T13A 63 6.12 8 1.12 0.5 18 0.9 0.20 263 
T13B** 29 5.75 58 1.07 2.0 74 1.3 0.25 396 
T13C 13 5.85 248 1.99 13.3 2730 3.1 0.74 2279 
T14A** 64 6.14 16 1.27 0.4 764 0.9 0.23 678 
T14B** 21 5.39 1971 1.13 BD 1425 3.9 0.64 1489 
T14C** 8 5.79 338 1.43 0.9 1482 4.0 0.41 1030 
T15A 93 5.31 123 0.96 1.3 889 1.4 0.24 397 
T15B 66 6.38 1107 1.06 BD 10355 4.1 0.95 991 
T15C 43 6.79 298 1.59 BD 1919 4.5 1.06 509 
T15D** 28 5.86 647 0.29 BD 1172 2.7 0.38 362 
T15E 10 5.67 410 0.90 12.9 4503 4.4 0.64 2485 
T16A 76 5.57 52 0.95 1.2 518 1.5 0.20 567 
T16B 56 6.26 1101 0.93 BD 13091 4.5 0.86 2702 
T16C 46 5.45 762 0.19 BD 2621 3.2 0.31 1247 
T16D 31 5.01 571 0.51 0.4 1615 2.5 0.41 840 
T16E 9 5.92 683 1.47 25.0 4868 4.9 0.78 2665 
T17A 62 2.84 415 1.81 5.1 2656 3.1 0.40 761 
T17B** 35 7.09 647 1.20 20.9 11269 3.8 0.96 1359 
T17C 19 3.59 354 0.41 BD 1976 2.0 0.19 870 
T17D 5 3.27 360 0.75 12.4 3292 2.3 0.27 1398 
T18A 65 4.91 89 1.47 2.6 910 4.4 0.34 3868 
T18B 47 6.39 54 2.00 17.8 934 3.7 0.61 3724 
T18C 30 6.03 138 2.16 15.8 1867 3.9 0.92 2804 
T18D 20 6.39 138 2.06 4.6 1063 3.0 0.59 2232 
T18E 6 6.14 77 2.11 7.1 616 2.8 0.62 1275 
T19A 82 5.27 55 0.83 BD 260 1.3 0.26 324 
T19B 63 6.68 1303 0.96 4.7 15425 4.4 1.06 2263 
T19C 39 5.85 929 0.56 3.4 1786 3.7 0.61 579 
T19D** 17 4.12 379 0.30 BD 472 1.9 0.27 305 
T20A 93 5.66 196 1.15 0.1 1432 2.2 0.27 396 
T20B 61 3.87 1081 0.86 BD 294 3.3 0.32 595 
T20C** 44 4.61 2298 0.68 BD 896 3.6 0.50 1238 
T20D 37 5.01 250 1.34 BD 375 2.6 0.28 510 
T20E 28 7.07 232 2.03 2.0 1055 4.1 1.10 673 
T20F 11 5.81 620 0.28 BD 822 2.6 0.47 460 
T21A 107 5.80 715 1.39 32.2 6252 2.3 0.44 876 
T21B 68 4.97 734 1.34 34.7 5927 2.3 0.46 1328 
T21C 53 6.26 528 1.51 24.5 6012 3.9 0.79 1035 
T21D 33 5.53 1404 1.04 58.2 3070 3.9 0.58 1477 
T21E 20 4.38 252 0.83 10.9 387 2.2 0.28 789 
T21F 8 4.70 421 0.85 7.5 772 2.5 0.44 595 
Appendix 1. Table A continued. 
Sample # Ife* Ni Pb P* Zn 
T11A** 1.86 12 32 0.05 77 
T11B** 0.72 21 47 0.07 4961 
T11C** 0.60 14 959 0.10 6267 
T11D** 0.38 6 296 0.05 858 
T12A 1.60 18 43 0.06 166 
T12B 1.66 17 30 0.07 175 
T12C 0.28 12 786 0.10 3487 
T13A 1.73 7 25 0.02 157 
T13B** 1.65 12 30 0.03 396 
T13C 0.99 18 439 0.10 3350 
T14A** 1.69 7 41 0.03 112 
T14B** 0.79 12 1071 0.08 2011 
T14C** 1.37 11 313 0.07 1161 
T15A 1.45 9 137 0.04 594 
T15B 0.62 27 823 0.12 1896 
T15C 1.14 18 239 0.12 800 
T15D** 0.21 8 993 0.09 1133 
T15E 0.77 18 461 0.13 2465 
T16A 1.49 9 83 0.04 363 
T16B 0.50 18 1396 0.15 2462 
T16C 0.17 13 997 0.11 1387 
T16D 0.37 10 577 0.08 1476 
T16E 0.49 30 692 0.16 5327 
T17A 0.31 7 347 0.09 2041 
T17B** 0.71 19 1242 0.13 6759 
T17C 0.30 6 371 0.05 1467 
T17D 0.39 12 478 0.09 3372 
T18A 1.46 14 84 0.06 2411 
T18B 1.59 19 129 0.07 1731 
T18C 1.06 26 231 0.11 2286 
T18D 1.58 14 157 0.07 999 
T18E 1.63 13 94 0.07 702 
T19A 1.44 9 79 0.06 289 
T19B 0.58 22 1874 0.14 3694 
T19C 0.42 12 1022 0.09 3385 
T19D** 0.28 8 485 0.07 1021 
T20A 1.37 9 455 0.04 833 
T20B 0.70 6 465 0.04 910 
T20C** 0.50 11 1051 0.09 2802 
T20D 1.32 8 260 0.04 840 
T20E 1.64 23 136 0.14 643 
T20F 0.27 10 844 0.09 650 
T21A 1.26 12 513 0.06 2762 
T21B 0.95 22 571 0.07 4965 
T21C 1.14 17 428 0.10 2152 
T21D 0.74 15 1097 0.09 5407 
T21E 0.70 10 362 0.05 1398 
T21F 0.65 9 416 0.07 1384 
Appendix 1. Table B. Grain-size analysis of bulk, sediment 
samples from trenches. (% total mass of sample, size ranges in urn). 
ND = not detected. 
Sample # >200 200-63 63-A <A <63 
T1A ND 59.22 AO. 78 ND AO. 78 
TIB ND 11.28 86.59 2.13 88.72 
TIC ND 8.05 8A.85 7.09 91.95 
T1D* ND A5.A5 A8.99 5.55 5A.55 
TIE* ND 98.25 1.72 0.03 1.75 
TIF* ND 36.55 59.72 3.7A 63. A5 
T3A ND 62.09 37.91 ND 37.91 
T3B ND 33.10 63.26 3.6A 66.90 
T3C ND 71.5A 27.67 0.79 28.A6 
T3D ND A5.96 52.62 1.A2 5A.0A 
T3E ND A3.50 53.99 2.50 56.50 
TAA ND 93.67 6.10 0.23 6.33 
TAB ND 5.7A 81.83 12.A3 9A.26 
TAC ND AA.A9 55. A2 0.10 55.51 
TAD ND 17. AO 79.37 3.23 82.60 
TAE ND 6A.23 32.A4 3.33 35.77 
T5A 6.22 59.6A 32.39 1.7A 3A.13 
T5B ND 25.32 67.77 6.91 7A.68 
T5C ND A6.65 51.90 1.A5 53.35 
T5D ND 2.68 80.31 17.02 97.32 
T5E ND 63.83 35.51 0.66 36.17 
T5F ND 93.10 6.8A 0.07 6.90 
T6A ND 63.02 3A.67 2.31 36.98 
T6B ND 8.08 81.90 10.02 91.92 
T6C ND 38.63 53.68 7.69 61.37 
T6D ND 8.25 85.23 6.52 91.75 
T6E* ND 69.37 29.71 0.92 30.63 
T6F ND 51.20 A8.A3 0.37 A8.80 
T7A 0.25 65. A2 33.1 A 1.19 3A.32 
T7B ND 1A.73 80.01 5.25 85.27 
T7C ND 10.AO 88.77 0.83 89.60 
T7D ND 27.50 72.50 ND 72.50 
T8A 1.63 95.01 3.35 ND 3.35 
T8B ND 30.85 66.88 2.27 69.15 
TSC ND 11.63 83.8A A. 52 88.37 
T8D ND 57.86 A2.1A ND A2.1A 
T8E ND 50.56 A8.23 1.21 A9.AA 
T8F ND 27.05 6A.27 8.68 72.95 
T9A ND 80.97 17.76 1.28 19.03 
T9B ND A3.78 51.27 A.95 56.22 
TSC ND 73.18 2A.23 2.58 26.82 
T9D 0.35 12.3A 82.71 A. 60 87.31 
T10A ND 78.5A 19.2A 2.22 21.A6 
T10B ND 16.85 66.20 16.95 83.15 
T10C ND 2.65 92.3A 5.01 97.35 
Appendix 1. Table B continued. 
Sample // >200 200-63 63-4 <4 <63 
T11A ND 63.87 33.59 2.54 36.13 
TUB ND 19.52 61.99 18.49 80.48 
T11C 1.14 8.90 87.97 1.99 89.96 
T11D* ND 80.79 19.13 0.09 19.21 
T12A 0.34 54.20 42.65 2.82 45.46 
T12B 0.70 56.95 38.27 4.08 42.35 
T12C 0.52 12.84 81.58 5.06 86.64 
T13A 2.27 96.34 1.18 0.21 1.39 
T13B 1.26 93.48 4.94 0.32 5.26 
T13C 1.62 42.43 48.58 7.37 55.95 
T14A 5.49 91.35 2.98 0.18 3.15 
T1AB 0.88 36.18 59.29 3.64 62.93 
T14C 0.11 75.92 22.48 1.48 23.96 
T15A ND 82.18 17.24 0.58 17.82 
T15B ND 22.85 69.37 7.79 77.15 
T15C* 0.19 41.74 54.15 3.92 58.07 
T15D ND 6.80 87.81 5.39 93.20 
T15E ND 19.55 70.16 10.29 80.45 
T16A 33.35 60.50 5.64 0.50 6.15 
T16B 0.72 8.63 69.06 21.58 90.65 
T16C ND 4.92 85.48 9.60 95.08 
T16D ND 37.55 61.57 0.87 62.45 
T16E 0.12 15.96 74.46 9.46 83.92 
T17A 0.54 20.77 69.38 9.31 78.69 
T17B ND 10.97 75.19 13.83 89.03 
T17C 0.24 81.41 18.23 0.12 18.35 
T17D 0.54 45.81 44.59 9.05 53.65 
T18A 34.99 50.72 13.18 1.10 14.29 
T18B ND 70.60 27.84 1.55 29.40 
T18C ND 26.64 68.38 4.98 73.36 
T18D* 0.27 74.94 22.09 2.71 24.79 
T18E ND 68.67 27.09 4.24 31.33 
T19A 65.08 31.29 3.42 0.21 3.64 
T19B ND 7.54 77.62 14.83 92.46 
T19C 0.26 4.49 90.03 5.22 95.24 
T19D ND 40.44 57.19 2.37 59.56 
T20A 23.44 74.72 1.85 ND 1.85 
T20B ND 84.80 14.62 0.58 15.20 
T20C 0.78 26.19 69.25 3.78 73.03 
T20D ND 99.51 0.49 ND 0.49 
T20E ND 63.76 35.32 0.92 36.24 
T20F ND 3.67 90.37 5.96 96.33 
T21A* 4.09 64.78 27.10 4.03 31.13 
T21B 0.47 19.00 66.17 14.36 80.53 
T21C 0.11 62.99 31.58 5.31 36.89 
T21D ND 26.90 69.66 3.44 73.10 
T21E ND 83.79 15.39 0.82 16.21 
T21F ND 54.75 42.42 2.82 45.25 
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Appendix 2. Table A. Dissolved metal analysis, pH and specific conductance for nest sites. 
All values in mg/L, * = average of duplicate, BD = below detection, = not measured. 
Sample # Date 
NA-L2 
NA-L1 
NA-W2 
NA-W1 
NBr-L2 
NB-L1 
Aug 
Dec 
Jan 
Mar 
Apr 
May 
Jun 
Aug 
Oct 
Dec 
Mar 
Apr 
May 
Jun 
Aug 
Nov 
Dec 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
£ Al* As Ca* Cd Cu Fe* Mg* Mn 
987 0.050 0.620 160.06 BD 0.119 0.014 42.56 0.001 
986 0.012 BD 51.89 BD 0.008 BD 11.29 0.001 
987* 0.022 BD 52.67 BD BD BD 10.96 BD 
987 0.059 0.031 57.47 BD 0.191 BD 11.58 BD 
987 0.013 BD 49.38 BD 0.323 0.266 10.01 BD 
987 0.024 BD 52.11 BD 0.544 0.007 10.86 BD 
987 0.024 0.013 41.27 BD 0.467 0.013 8.40 BD 
987 0.040 BD 59.08 BD 0.282 0.009 11.85 0.005 
987 BD 0.120 61.33 BD 0.252 0.018 17.29 BD 
986* 0.484 BD 70.22 BD 0.005 0.330 9.98 0.020 
987 0.237 BD 50.69 BD BD 0.503 9.72 0.058 
987 0.038 BD 51.51 BD 0.085 0.243 9.40 0.211 
987 0.029 BD 55.84 BD 0.004 0.183 8.63 0.337 
987 0.034 BD 48.69 BD BD 0.094 9.14 0.052 
987 0.010 BD 17.76 BD 0.028 0.050 2.78 0.018 
986 0.018 BD 47.29 BD BD 1.194 9.06 0.236 
986 0.016 BD 47.55 BD 0.006 0.639 8.80 0.261 
987 0.022 BD 46.39 BD BD 2.593 8.86 0.278 
987 0.029 BD 47.70 BD BD 2.535 8.68 0.220 
987 0.029 BD 47.91 BD BD 2.106 9.46 0.211 
987* 0.028 BD 48.94 BD BD 2.058 9.38 0.185 
987 0.029 BD 48.56 BD BD 2.176 9.18 0.194 
987 0.010 BD 48.85 BD BD 2.173 9.03 0.207 
987 BD BD 46.94 BD BD 2.151 9.02 0.184 
987 BD 0.010 48.36 BD BD 1.442 8.93 0.175 
987 0.058 BD 92.05 0.008 2.138 0.281 22.24 6.790 
987 0.038 BD 59.67 0.005 0.682 0.023 12.85 3.795 
987 0.045 BD 81.72 0.004 1.114 0.016 20.44 3.934 
987* 0.032 BD 84.55 0.005 0.852 BD 19.47 3.860 
987 0.150 BD 100.16 0.014 4.571 0.015 24.91 5.138 
987 0.130 BD 91.47 0.010 3.093 0.031 20.78 3.402 
987 0.017 BD 21.03 0.002 0.156 0.028 4.23 0.903 
987 0.049 BD 123.46 0.035 2.023 0.012 26.80 4.628 
987 0.042 BD 125.20 0.065 2.066 0.028 24.89 6.854 
987 0.039 BD 132.14 0.044 1.471 0.007 24.63 8.408 
987 0.030 0.010 119.55 0.046 2.130 0.014 22.32 7.732 
987 0.010 0.020 126.91 0.086 3.039 0.024 23.85 8.856 
987 0.010 0.010 127.02 0.072 2.358 0.050 23.10 8.408 
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Appendix 2. Table A continued. 
NB-W2 Dec 
Jan 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
NB-W1 Nov 
Dec 
Jan 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
NC-L2 Mar 
NC-L1 Mar 
May 
NC-W2 Nov 
Dec 
Jan 
Mar 
Apr 
May 
Jun 
Jul 
Oct 
NC-W1 Nov 
Dec 
Jan 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
je Al* As Ca* Cd Cu Fe* Mg* Mn 
986 0.029 BD 106.11 BD 0.011 BD 18.68 14.247 
987 0.110 0.017 106.96 BD 0.006 3.115 18.05 13.685 
987 0.066 0.025 79.68 BD 0.008 9.932 15.89 12.438 
987 0.040 0.009 83.88 BD BD 3.887 16.24 13.322 
987 0.019 0.024 89.01 BD BD 9.734 17.82 13.924 
987 0.025 0.020 82.10 BD BD 9.158 15.92 12.134 
987 0.024 0.021 82.37 0.002 BD 9.036 15.48 12.269 
987 0.020 0.030 84.56 BD BD 9.260 15.35 12.219 
987 BD 0.060 87.51 BD BD 9.964 17.11 12.333 
987 BD 0.010 89.34 BD BD 5.299 15.92 12.326 
986 0.026 BD 57.40 BD 0.016 1.059 10.83 0.583 
986* 0.025 BD 60.13 BD 0.015 BD 10.86 0.580 
987 0.037 BD 60.52 BD BD 1.440 10.64 0.566 
987* 0.027 BD 56.57 BD BD 1.715 10.73 0.580 
987 0.040 BD 59.39 BD BD 1.994 10.71 0.697 
987 0.026 0.011 66.00 0.002 BD 1.860 12.81 0.893 
987 0.034 BD 74.20 BD BD 2.081 14.13 0.815 
987 0.038 BD 70.72 BD BD 1.956 13.00 0.744 
987 0.030 BD 67.97 BD BD 1.854 11.89 0.698 
987 0.010 0.010 58.21 BD BD 1.654 10.93 0.567 
987* BD BD 31.23 BD BD 0.718 5.27 0.265 
987 BD BD 20.19 0.009 0.948 BD 1.98 0.614 
987 0.051 0.012 30.50 0.004 0.350 0.009 2.90 0.079 
987 0.041 BD 68.30 0.012 0.879 0.008 8.07 0.127 
986 0.052 BD 79.53 BD 0.007 BD 12.66 0.241 
986 0.043 BD 84.05 BD 0.004 BD 12.94 0.306 
987* 0.040 BD 92.14 BD BD BD 13.32 0.463 
987 0.041 0.017 87.49 0.002 0.011 0.324 14.17 0.341 
987 0.041 0.010 89.01 BD BD 0.408 13.66 0.316 
987 BD BD 89.29 BD BD BD 14.07 BD 
987 0.041 BD 92.92 BD BD 0.545 14.99 0.307 
987 0.011 BD 23.76 BD BD BD 3.28 BD 
987* BD 0.035 45.43 BD 0.044 0.706 9.43 0.257 
986 0.046 0.015 79.32 BD 0.005 1.196 12.70 0.325 
986 0.043 BD 84.05 BD 0.004 BD 12.94 0.306 
987 0.095 BD 88.97 BD BD 0.385 13.08 0.343 
987* 0.020 0.015 88.30 BD 0.008 2.102 14.30 0.385 
987 0.032 BD 89.79 BD BD 2.211 13.88 0.348 
987 BD BD 90.42 BD BD 1.845 14.42 0.099 
987 0.046 BD 95.80 BD BD 2.202 15.10 0.342 
987 0.047 BD 98.46 BD BD 2.214 14.26 0.355 
987* 0.050 0.010 91.48 BD BD 2.097 13.52 0.346 
987 0.020 0.030 79.68 BD BD 1.904 12.61 0.286 
987* 0.015 BD 54.17 BD BD 0.474 8.32 0.130 
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Appendix 2. Table A continued. 
Sample # Date 
NB-W2 
NB-W1 
NC-L2 
NC-L1 
NC-W2 
NC-W1 
Dec 
Jan 
Mar 
tor 
my 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 
Jan 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Mar 
Mar 
May 
Nov 
Dec 
Jan 
Mar 
Apr 
May 
Jun 
Jul 
Oct 
Nov 
Dec 
Jan 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
986 
987 
987 
987 
987 
987 
987 
987 
987 
987 
986 
986* 
987 
987* 
987 
987 
987 
987 
987 
987 
987* 
987 
987 
987 
986 
986 
987* 
987 
987 
987 
987 
987 
987* 
986 
986 
987 
987* 
987 
987 
987 
987 
987* 
987 
987* 
Na* 
33.38 
31.83 
30.49 
31.29 
39.81 
36.78 
29.48 
29.70 
34.90 
32.20 
13.90 
13.48 
12.66 
13.03 
13.01 
17.83 
17.96 
13.59 
12.60 
13.50 
6.50 
43.39 
3.23 
16.96 
10.17 
10.25 
9.87 
10.95 
10.21 
12.94 
14.11 
1.91 
22.20 
10.35 
10.25 
9.63 
10.99 
10.23 
12.67 
12.82 
9.23 
10.20 
10.60 
7.73 
Ni 
0.005 
0.007 
0.008 
0.002 
0.001 
0.006 
0.002 
0.017 
0.002 
0.003 
0.005 
0.004 
0.004 
0.004 
0.004 
0.001 
0.001 
ND 
ND 
0.002 
0.002 
0.007 
0.010 
0.014 
0.006 
0.003 
ND 
0.011 
ND 
ND 
0.004 
0.001 
0.006 
0.008 
0.003 
0.005 
0.006 
ND 
ND 
0.001 
ND 
0.003 
0.007 
ND 
Pb 
BD 
0.013 
BD 
BD 
0.011 
BD 
BD 
BD 
BD 
0.010 
0.132 
BD 
0.126 
BD 
BD 
BD 
BD 
BD 
BD 
0.012 
0.015 
BD 
0.022 
BD 
0.106 
BD 
BD 
BD 
BD 
BD 
0.010 
BD 
BD 
0.047 
BD 
0.040 
BD 
BD 
BD 
BD 
BD 
0.010 
BD 
BD 
P* 
0.04 
0.02 
0.31 
0.11 
0.34 
0.33 
0.35 
0.33 
0.31 
0.16 
0.09 
0.06 
BD 
0.08 
0.06 
0.05 
0.05 
0.06 
0.01 
0.12 
0.02 
0.02 
0.02 
0.03 
0.06 
0.03 
0.01 
0.06 
0.04 
BD 
0.03 
0.02 
0.06 
0.10 
0.03 
0.05 
0.05 
0.12 
BD 
0.04 
0.05 
0.08 
0.10 
0.01 
Zn 
0.534 
0.307 
0.182 
0.140 
0.117 
0.084 
0.118 
0.130 
0.210 
0.177 
0.060 
0.159 
0.072 
0.046 
0.099 
0.223 
0.172 
0.090 
0.115 
0.060 
0.041 
3.434 
1.588 
4.372 
0.317 
0.027 
0.496 
0.401 
0.344 
BD 
0.220 
0.544 
0.090 
BD 
0.027 
BD 
0.008 
BD 
BD 
BD 
BD 
0.002 
BD 
0.301 
pH 
6.1 
6.1 
6 
4.3 
6 
6 
6.3 
6.25 
5.9 
6.4 
7 
6.5 
6.4 
6 . 1  
6 . 2  
6.6 
6.7 
6 . 8  
6.9 
6.4 
6.85 
6.1 
6 
NM 
6 . 8  
6.6 
6.4 
6.5 
6.5 
5.3 
6.6 
7.15 
6.95 
6.8 
6.6 
6.5 
6.4 
6.3 
6.1 
6.7 
7.2 
7.12 
6.78 
7 
Specific 
Conductance 
971 
846 
733 
724 
828 
845 
721 
704 
754 
950 
347 
446 
428 
415 
417 
476 
564 
502 
456 
411 
563 
N"I 
201 
552 
598 
583 
561 
584 
582 
608 
589 
728 
543 
595 
589 
565 
568 
643 
630 
591 
547 
326 
702 
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Appendix 2. Table A continued. 
ND-L2 
ND-L1 
ND-W2 
ND-W1 
Dec 
te Al* As Ca* Cd Cu Fe* Mg* 
1987 2.041 BD 36.09 0.214 23.771 0.006 41.56 49.997 
1987* 10.606 0.053 174.87 0.885 92.723 1.315 176.42 210.681 
1987 4.394 0.025 84.63 0.402 49.990 0.695 86.16 49.991 
1987 1.325 BD 31.44 0.129 18.587 0.022 25.57 32.744 
1987 0.012 BD 17.45 BD 0.158 0.072 3.79 2.847 
1987 0.028 0.021 55.18 BD 0.093 0.038 11.73 6.794 
1987 0.013 0.122 60.90 BD 0.024 BD 11.23 7.450 
1987 0.010 0.100 76.11 BD 0.055 0.042 13.32 6.422 
1987* 0.010 0.090 75.06 0.002 0.116 0.028 13.81 6.447 
1987 BD 0.105 68.62 0.002 0.119 0.014 12.13 4.674 
1986 0.034 BD 77.81 BD 0.012 0.860 12.20 0.346 
1986 0.025 0.027 85.55 BD 0.008 BD 13.00 0.547 
1987* 0.007 BD 86.87 BD BD 0.261 12.66 0.490 
1987 0.012 0.085 86.04 BD 0.039 1.587 13.34 1.435 
1987 0.091 0.032 74.69 0.002 0.312 0.223 10.23 1.969 
1987 0.055 0.084 84.65 BD 0.022 2.102 13.94 1.066 
1987 0.050 0.082 83.07 BD BD 2.247 13.29 0.792 
1987* 0.023 0.084 50.82 BD BD 1.761 7.34 0.586 
1987 0.570 0.170 82.94 BD 0.350 3.290 12.40 0.948 
1987 0.030 0.050 76.19 BD BD 2.231 12.01 0.531 
1987 0.010 0.030 75.00 BD 0.019 1.089 12.08 0.548 
1986 0.034 BD 77.81 BD 0.012 0.860 12.20 0.346 
1986 0.012 BD 81.13 BD 0.002 BD 11.95 0.352 
1987 BD BD 82.79 0.002 BD 0.948 11.85 0.333 
1987 BD 0.029 84.25 BD 0.024 1.289 12.83 0.412 
1987 0.045 0.016 78.27 BD BD 1.321 11.93 0.233 
1987 BD BD 79.19 BD BD 0.523 12.35 BD 
1987 0.045 BD 80.49 BD BD 1.250 12.83 0.186 
1987 0.006 BD 29.82 BD BD BD 4.30 BD 
1987 0.040 BD 86.49 BD 0.016 1.249 12.32 0.276 
1987 0.030 0.010 78.15 BD BD 1.218 12.25 0.196 
1987* BD BD 74.13 BD BD 1.076 11.89 0.188 
Appendix 2. Table A continued. 
Sample # Date 
ND-L2 M 
A 
J 
ND-L1 A 
ND-W2 
ND-Wl 
Jul 
Na* Ni Pb P* Zn pH Specific 
Conducts 
1987 69.15 0.042 0.011 0.08 49.984 4.3 1197 
1987* 367.01 0.164 0.155 1.33 231.151 4.15 m 
1987 197.90 0.083 0.084 0.24 49.982 4.1 m 
1987 31.32 0.030 0.037 0.16 43.562 4 871 
1987 2.76 BD BD BD 0.646 6.2 153 
1987 9.41 0.006 BD BD 0.893 6.9 fM 
1987 6.70 BD 0.004 0.02 0.761 7 NS 
1987 10.10 0.004 BD BD 0.589 6.9 508 
1987* 11.10 0.003 0.002 0.06 0.581 6.3 NS 
1987 10.00 0.005 BD 0.04 0.430 6.9 NS 
1986 10.52 BD BD 0.06 0.082 6.6 598 
1986 9.93 0.005 BD BD 0.260 6.45 614 
1987* 9.13 BD BD 0.02 0.091 6.6 583 
1987 10.10 0.001 BD BD 0.483 6.6 543 
1987 8.44 0.003 0.084 BD 0.858 7.2 NM 
1987 12.95 BD 0.001 BD 0.291 6.9 561 
1987 13.30 0.003 0.017 0.06 0.201 7 501 
1987* 5.12 BD BD 0.07 0.123 7 536 
1987 9.60 0.002 0.026 0.06 0.301 6.9 510 
1987 10.40 BD BD 0.10 0.048 6.55 488 
1987 10.20 0.002 BD 0.05 0.270 7.25 684 
1986 10.52 BD BD 0.06 0.082 6.65 541 
1986 9.65 BD BD BD 0.021 6.55 590 
1987 8.90 BD BD 0.07 0.003 6.8 535 
1987 10.08 BD BD 0.03 0.190 6.5 479 
1987 9.06 0.001 BD 0.07 BD 6.75 529 
1987 11.52 BD BD BD BD 6.4 506 
1987 12.68 0.001 0.005 0.05 BD 7.1 495 
1987 3.01 BD BD 0.04 BD 7.2 512 
1987 9.00 0.002 0.006 0.05 0.074 7.2 503 
1987 10.20 0.002 BD 0.05 BD 6.55 434 
1987* 9.90 0.001 BD 0.02 BD 7.1 706 
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Appendix 2. Table B. Dissolved metal analysis, pH, and specific conductance 
for water-level control wells. 
All values in mg/L, * = average of duplicate, BD = below detection, bM = not measured. 
Sample # Date 
W—1 
W-2 
W-3 
W-4 
W- 5 
W-6 
W-7 
W-8 
W-9 
W-10 
Nov. 
Apr 
Aug 
Oct 
Nov 
May 
Aug 
Oct 
Nov 
Apr 
Aug 
Oct 
Nov 
Apr 
Aug 
Oct 
Nov 
Apr 
Aug 
Oct 
Nov 
Apr 
Aug 
Oct 
Nov 
Apr 
Aug 
Oct 
Nov 
May 
Aug 
Oct 
Nov 
Apr 
Aug 
Oct 
Nov 
Apr 
Aug 
Oct 
1986 
1987 
1987 
1987 
1986 
1987 
1987 
1987* 
1986 
1987 
1987 
1987 
1986 
1987* 
1987 
1987 
1986 
1987 
1987 
1987 
1986 
1987 
1987 
1987 
1986 
1987 
1987* 
1987 
1986 
1987 
1987* 
1987 
1986 
1987 
1987* 
1987 
1986 
1987 
1987* 
1987 
A1 
0.043 
ND 
0.030 
ND 
ND 
0.032 
0.030 
BD 
0.032 
0.111 
0.030 
0.010 
0.023 
0.490 
0.030 
ND 
0.038 
ND 
0.040 
ND 
0.018 
0.009 
0.030 
0.030 
0.042 
0.031 
0.060 
0.030 
0.056 
0.048 
0.040 
0.020 
0.044 
ND 
0.050 
0.020 
0.063 
0.040 
0.040 
0.030 
As 
0.014 
0.031 
0.030 
0.010 
BD 
BD 
0.030 
0.013 
0.012 
BD 
BD 
0.010 
BD 
0.011 
0.020 
BD 
BD 
BD 
BD 
0.010 
BD 
BD 
BD 
BD 
BD 
0.013 
BD 
0.020 
0.019 
0.010 
BD 
0.030 
0.010 
0.017 
BD 
0.020 
BD 
BD 
BD 
0.010 
Ca 
67.98 
70.87 
71.29 
68.03 
35.61 
38.54 
39.71 
60.31 
66.81 
71.13 
59.53 
54.50 
51.59 
60.09 
52.44 
49.26 
60.63 
55.46 
69.32 
57.47 
61.66 
81.15 
56.66 
59.21 
92.35 
96.37 
101.07 
98.57 
85.86 
86.29 
86.49 
97.93 
79.65 
9.46 
78.43 
84.21 
77.97 
75.02 
75.97 
78.42 
Cd 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
0.002 
BD 
BD 
BD 
BD 
BD 
0.004 
BD 
0.002 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
BD 
0.002 
BD 
BD 
BD 
0.006 
0.004 
0.004 
0.005 
Cu 
0.008 
BD 
BD 
BD 
0.003 
0.015 
0.015 
BD 
BD 
0.013 
BD 
BD 
BD 
0.089 
BD 
BD 
0.076 
0.082 
0.029 
BD 
0.118 
0.091 
0.056 
0.023 
0.008 
0.051 
BD 
BD 
BD 
BD 
BD 
BD 
0.018 
BD 
BD 
BD 
0.384 
0.403 
0.254 
0.228 
Fe 
3.234 
3.594 
5.918 
4.447 
0.013 
0.007 
0.014 
1.072 
0.314 
0.740 
0.345 
0.244 
1.914 
3.276 
1.899 
1.762 
0.030 
0.352 
0.589 
0.293 
0.360 
0.266 
0.010 
0.006 
0.539 
0.879 
0.885 
0.692 
0.474 
0.856 
2.012 
3.355 
0.378 
0.071 
0.420 
0.528 
0.085 
0.131 
0.019 
0.017 
Mg 
12.02 
10.99 
11.73 
11.57 
7.25 
7.86 
7.65 
9.06 
11.83 
12.52 
9.60 
9.13 
10.29 
11.97 
9.82 
9.49 
11.20 
10.34 
12.01 
10.22 
10.46 
12.86 
9.30 
9.88 
15.46 
15.38 
15.92 
15.04 
14.50 
14.52 
14.14 
14.89 
12.18 
0.82 
11.63 
11.75 
13.32 
12.52 
13.14 
12.54 
Mn 
1.481 
1.146 
1.404 
1.336 
0.133 
0.022 
0.006 
0.275 
0.372 
0.535 
0.364 
0.373 
0.364 
0.532 
0.226 
0.208 
0.259 
0.268 
0.592 
0.310 
0.017 
BD 
BD 
BD 
0.129 
0.116 
0.128 
0.082 
0.026 
0.042 
0.137 
0.349 
0.198 
BD 
0.087 
0.042 
4.317 
4.497 
4.298 
4.765 
Appendix 2. Table B continued. 
Sample // Efete Na Ni Pb P Zn pH Specific 
Conductance 
W-l Nov. 1986 13.10 BD BD 0.10 0.099 6.6 NM 
Apr 987 11.41 BD BD 0.14 BD KM Ml 
Aug 987 11.60 BD BD 0.09 0.037 6.35 428 
Oct 987 11.90 BD BD 0.12 BD 6.78 664 
W-2 Nov 986 12.32 BD BD 0.02 0.285 6.4 328 
May 987 16.15 BD BD BD 0.272 6.5 309 
Aug 987 12.20 0.008 BD 0.02 0.262 6.8 311 
Oct 987* 7.55 BD BD 0.04 0.051 6.7 384 
W-3 Nov 986 13.90 BD 0.062 BD 0.012 6.5 482 
Apr 987 13.92 BD BD 0.05 BD 6.3 521 
Aug 987 10.70 BD 0.022 0.03 BD 7.1 394 
Oct 987 10.80 BD BD BD BD 6.75 542 
W-4 Nov 986 15.06 BD BD 0.10 0.005 6.9 326 
Apr 987* 15.29 BD BD 0.06 0.045 6 484 
Aug 987 13.10 0.010 0.014 0.07 0.009 6.8 390 
Oct 987 13.20 BD BD 0.09 BD 6.8 524 
W-5 Nov 986 11.99 0.006 BD 0.06 0.541 6.6 483 
Apr 987 10.71 BD BD 0.06 0.585 6.1 400 
Aug 987 10.90 BD 0.016 0.03 0.355 6.45 484 
Oct 987 11.10 BD BD BD 0.426 6 545 
W-6 Nov 986 13.43 BD BD 0.04 0.117 7.2 1245 
Apr 987 14.10 BD BD 0.04 0.108 6.6 481 
Aug 987 11.00 BD 0.010 0.09 0.069 7.2 393 
Oct 987 12.10 BD 0.022 0.04 0.033 6.9 584 
W-7 Nov 986 18.70 BD BD 0.03 0.109 6.7 1535 
Apr 987 15.82 BD BD 0.03 0.072 6.6 658 
Aug 987* 16.60 BD BD 0.01 0.008 6.4 764 
Oct 987 17.00 BD BD 0.03 0.074 6.8 846 
W-8 Nov 986 10.12 BD BD 0.08 BD 6.78 552 
May 987 12.93 BD BD BD BD 6.8 581 
Aug 987* 13.10 BD BD 0.07 0.017 6.8 83 
Oct 987 18.50 BD 0.016 0.13 0.012 6.2 780 
W-9 Nov 986 11.72 BD 0.033 0.07 0.142 6.6 NM 
Apr 987 1.33 BD BD 0.09 BD NM 
Aug 987* 10.30 BD BD 0.03 0.002 6.8 482 
Oct 987 10.10 BD BD 0.06 BD 7 680 
W-10 Nov 986 15.04 BD BD 0.06 0.796 7.15 NM 
Apr 987 12.98 BD BD 0.05 0.731 6.4 458 
Aug 987* 14.60 0.008 BD 0.01 0.544 6.9 553 
Oct 987 14.20 0.006 0.023 0.03 0.473 7 749 
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Appendix 2. Table C. Head data (ft) for water-level control wells and nest sites. 
Elevations correspond to a field base elevation of 100ft, about 4530 feet above sea level. 
(U.S.G.S. 15min topographic map; Deer Lodge, 1959). NM = not measured. 
Well # Dates 
9/86 10/86 11/86 12/86 1/87 2/87 3/87 4/87 5/87 
W1 103.29 NM 103.11 103.20 103.02 103.28 103.35 103.39 102.63 
W2 100.65 NM 100.65 100.71 101.02 102.04 NM IW 100.08 
W3 100.43 NM 100.79 100.67 100.39 100.61 100.81 100.91 99.93 
W4 98.30 NM 98.34 98.41 98.57 98.08 98.23 98.10 97.67 
W5 96.77 NM 97.17 97.16 96.96 97.28 97.76 97.69 96.54 
W6 95.96 NM 96.15 96.21 96.38 96.18 96.31 96.20 95.69 
W7 93.83 NM 93.87 93.92 94.16 93.72 93.81 M 93.33 
W8 102.15 NM 102.57 102.46 101.96 102.51 NM NM 101.26 
W9 104.00 NM 104.12 104.07 104.06 104.07 104.06 104.04 103.24 
W10 Elevation not determined. 
NAW1 NM 94.86 94.76 94.87 94.97 94.93 95.14 95.15 94.31 
NAW2 NM 94.88 94.77 94.90 94.93 95.00 95.19 95.20 94.40 
NBW1 NM 98.75 98.61 98.69 98.64 98.45 98.66 98.68 97.78 
NBW2 NM 98.67 98.56 98.71 98.60 98.58 98.61 98.67 97.79 
NCW1 NM 101.86 101.96 101.81 101.35 101.78 101.97 102.02 100.92 
NCW2 NM 101.73 101.77 101.70 101.19 101.61 101.82 101.90 100.85 
NDW1 NM 103.37 103.43 103.43 103.00 103.72 103.48 103.55 102.56 
NDW2 NM 103.47 103.54 103.41 103.08 103.84 103.54 NM 102.62 
Stream 94.21 94.03 93.93 93.80 Frozen Frozen 93.86 93.71 93.30 
Gauge 
PPT(in.) 1.55 0.14 0.22 0.11 0.04 0.15 0.3 0.04 1.51 
Appendix 2. Table C continued. 
Well // E&te 
W1 
6/87 7/87 8/87 9/87 10/87 
102.77 102.57 102.28 102.44 102.84 
W2 100.52 100.12 99.63 99.85 100.26 
W3 100.09 99.63 99.18 99.41 99.98 
W4 98.01 97.69 97.25 97.44 97.32 
W5 96.66 96.24 95.78 95.97 96.62 
W6 95.94 95.70 95.23 95.42 95.88 
W7 93.62 93.38 93.01 93.20 93.48 
W8 101.56 100.34 99.61 100.22 100.33 
W9 103.38 103.01 102.41 102.77 103.40 
W10 Elevation not determined. 
NAW1 94.54 93.80 93.74 93.88 94.40 
NAW2 94.48 N* 94.27 Ml 94.25 
NEW1 98.18 97.59 97.23 97.49 98.16 
NBW2 98.09 97.58 97.23 97.46 98.11 
NCW1 101.19 100.64 99.99 100.34 101.02 
NCW2 101.06 100.52 101.05 100.18 100.89 
NDW1 102.76 102.31 101.67 102.02 102.67 
NDW2 102.84 102.47 101.73 102.06 102.71 
Stream 93.69 93.33 93.00 93.10 93.46 
Gauge 
PPT(in.) i 1.37 3.21 1.01 0.15 0 
APPENDIX III. Quality Control Data. 
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Appendix 3. Table A. Limits of detectiorH- for total sediment digestion (ug/g), 
and water analysis (mg/L) 
+(3 * standard deviation of reagent blank concentration) 
A l A s C a C d C u F e  K M g  
Sediments 20 8 <10 1.2 1.2 <10 0.08 20 
Water: 0.02 0.021 0.004 0.002 0.001 <0.001 1.341 0.02 
Appendix 3. Table B. Results of analysis of National Sediment Standards: 
NBS 1645 (River Sediment) and NBS 1646 (Estuarine Sediment). 
(* = weight %, uc = uncertified, ND = not determined.) 
NBS values: 
NBS 1645 2.26* 66 2.9* 10.2 109 11.3* 1.26* 0.74* 
95% CI 0.04 uc uc 1.5 19 1.2 0.05 0.02 
Results: (n = 12) 
MEAN 2.25 66 2.9 8.6 108 10.3* 1.28* 0.68* 
%REC 99.75 100 100 84.2 99 91.1 101.35 91.74 
95% CI 0.16 12 0.35 2.0 15 1.6 0.31 0.03 
NBS values: 
NBS 1646 6.25 11.6 0.83 0.36 18 3.35 1.4 1.09 
95% CI 0.2 1.3 0.03 0.07 3 0.1 uc 0.08 
Results: (n = 8) 
MEAN 5.76* 14.8 0.79 BD 18 3.42* 1.9 1.00 
%REC 92.16 127.6 94.76 - 98 102.17 136.2 91.61 
95% CI 0.24 9.8 0.015 - 1 0.15 0.2 0.08 
Appendix 3. Table C. Results of Water Analysis of U.S.G.S. Water Standards: 
Tyl and T95 (mg/L). ND = not determined, BD = below detection. 
USGS values: 
T-91 0.383 0.001 ND 0.035 0.94 0.298 ND ND 
95% CI 0.15 - - 0.0074 0.086 0.062 
Results: (n = 15) 
MEAN 0.399 BD 26.79 0.036 0.938 0.377 1.90 10.57 
%REC 104.24 - - 103.88 102.93 126.49 
95% CI 0.024 - 2.26 0.005 0.044 0.127 2.37 0.36 
USGS values: 
T-95 0.055 0.001 72.4 0.0004 0.011 0.011 4.7 32.8 
95% CI 0.062 0.0012 9.0 0.0006 0.009 0.014 1.4 3.2 
Results: (n = 10) 
MEAN 0.034 BD 71.1 BD 0.007 0.004 2.6 32.2 
%REC 61.6 - 98.2 - 63.45 37.35 55.2 98.2 
95% CI 0.031 - 7.4 - 0.001 0.005 3.8 0.8 
Appendix 3. Table A continued. 
Mn Na Ni Pb P Si Ti Zn 
0.22 40 3.3 8.5 40 1070 0.53 0.46 
.001 .055 .009 .031 .083 .019 .001 .001 
Appendix 3. Table B continued. 
105 
785 
97 
0.54* 
0.01 
45.8 
2.9 
714 
28 
0.051* 
0.001 
ND* 
uc 
ND 
uc 
1720 
170 
749 
95 
115 
0.55 
102.13 
0.05 
50.2 
109.6 
7.9 
673 
94 
89 
0.047* 
91.94 
0.009 
18.82* 538.03 
4.82 59.99 
1661 
96 
229 
375 
20 
2 
uc 
32 
3 
28.2 
1.8 
0.054 
0.005 
31 
uc 
5100 
uc 
138 
6 
360 2 34 43.9 0.052 25 3733 126 
95 96 105 155.8 95.37 82 73 92 
0.22 0.1 5 18.7 0.003 7 302 0.5 
Appendix 3. Table C continued. 
2.36 
0.2 
ND 0.020 
0.014 
0.017 
0.015 
ND ND ND 5.6 
0.5 
2.41 
102.24 
0.73 
6.03 
0.54 
0.022 
110.66 
0.003 
0.027 
159.68 
0.018 
0.016 
0.138 
7.01 
0.26 
BD 5.9 
106.1 
0.25 
0.004 
0.006 
190 
14 
0.009 
0.014 
0.004 
0.005 
ND 3.95 
1.12 
ND 0.018 
0.009 
0.001 
26.30 
0.001 
184.62 
97.17 
21.77 
0.002 
25.07 
0.005 
0.007 
183.44 
0.006 
1.06 
0.087 
3.88 
98.11 
0.19 
BD 0.012 
67.97 
0.003 
